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ABSTRACT 
 
AARON REID LEICHTY: The evolution of morph-biased genes in spadefoot toads 
(Under the direction of David W. Pfennig) 
 
  
 Polyphenisms allow for the expression of two or more discrete phenotypes from a 
single genotype in an environment dependent manner. These phenotypes are associated 
with extensive differences in levels of gene expression and recent work suggests that 
genes with differential expression between phenotypes (biased genes) evolve at elevated 
rates relative to genes showing no difference between phenotypes (unbiased genes). The 
causes of this difference in evolutionary rate remain relatively unexplored. Using a 
combination of molecular and genomic approaches I identified genes with biased 
expression between the environmentally induced alternative morphs of spadefoot toad 
tadpoles (genus Spea). I further characterized these morph-biased genes in closely related 
spadefoot toad species that do not express alternative tadpole morphologies (genus 
Scaphiopus). Phylogenetic estimates of protein evolutionary rates in Spea reveal that 
morph-biased genes are evolving more quickly than unbiased genes, but this was 
dependent on rate estimation method. Surprisingly, in Scaphiopus morph-biased 
orthologs are evolving more quickly than unbiased orthologs, regardless of estimation 
method. Finally, morph-biased genes in Spea are evolving no more quickly than their 
orthologs in Scaphiopus. In total, our work suggests that genes with higher rates of 
evolution are more likely to evolve differential expression, but differential expression has 
no direct influence on a gene’s evolutionary rate. 
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CHAPTER I 
GENERAL INTRODUCTION 
 Polyphenisms allow for the expression of two or more discrete alternative 
phenotypes from a single genotype in an environment dependent manner (sensu Mayr 
1963). This extreme form of phenotypic plasticity allows for individuals of a population 
to adaptively respond to environmental variation, facilitating the utilization of multiple 
niches by a single species. Most commonly the alternative phenotypes are characterized 
by morphological, physiological and behavioral differences and it is generally thought 
that this variation is important in processes such as speciation and adaptive radiation 
(West-Eberhard 2003; Pfennig et al. 2010). These evolutionary and ecological 
consequences of polyphenic development have received a great deal of attention, but we 
still remain ignorant of the molecular mechanisms and evolutionary origins of polyphenic 
development (Aubin-Horth & Renn 2009). 
 Recent advances in genomic technologies have greatly increased understanding of 
the molecular mechanism of polyphenism relative to knowledge of its evolutionary 
origins. Numerous studies have now documented large suites of genes showing 
differential expression between the alternative phenotypes of polyphenic species 
(partially reviewed in Snell-Rood et al. 2010). A common theme emerging from these 
studies is that differences between environmentally mediated alternatives often rival the 
differences between genetically mediated alternatives in both number of genes and 
magnitude of expression (e.g. aphids, Brisson et al. 2007; beetles, Snell-Rood et al. 
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2011). This finding is important because it suggests that the unique selection pressures 
operating on alternative phenotypes under genetic control may also be acting in systems 
with environmentally mediated alternatives.	  
 The differential expression associated with sexual dimorphism is a well-studied 
example of genetically controlled alternative phenotypes. This differential expression 
between males and females, sex-biased expression, is often mediated by a few genetic 
differences. Despite these minor genetic differences, at the level of gene expression a 
large portion of the genes in the genome differ between sexes. It is now well documented 
that genes with sex-biased expression are evolving more quickly than genes expressed 
equally between sexes (reviewed in Ellegren & Parsch 2007), and a great deal of work 
has demonstrated this is primarily due to adaptive evolution in genes with expression 
limited to reproductive tissues (Pröschel et al. 2006; Meisel 2011). 
 Recent work examining genes with differential expression between alternative 
phenotypes of polyphenic species, morph-biased genes, have revealed that they too 
evolve at elevated rates compared to genes shared between phenotypes (unbiased genes) 
(Snell-Rood et al. 2010; Hunt et al. 2010; Van Dyken & Wade 2009). The causes and 
generality of this rate difference remain unknown.  
 There are at least four different possible causes for morph-biased genes evolving 
more rapidly than their unbiased counterparts. Genes differentially expressed between 
morphs may be experiencing high levels of adaptive evolution driven by the unique 
requirements of each alternative phenotype’s ecological niche. No study has yet 
presented evidence of pervasive positive selection in morph-biased genes, but Hunt et al. 
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(2010) interpreted an increase in evolutionary rate of queen-biased genes in bees (Apis 
mellifera) as a result of adaptive evolution.  
 Morph-biased genes may experience high levels of neutral and/or deleterious 
evolution due to a relaxation of evolutionary constraint. Evidence exists that genes 
expressed in only one alternative phenotype (sex or morph-specific genes) evolve more 
quickly than genes expressed in both due selection’s inability to remove deleterious 
alleles in unexpressing individuals (sex-specific genes: Brisson & Nuzhdin 2008; morph-
specific genes: Van Dyken & Wade 2009). If selection is proportional to degree of 
morphs-biased expression then morph-biased genes may behave as morph-specific genes 
(Snell-Rood et al. 2010). To date, there have been no tests of this idea, but some authors 
have interpreted higher rates of evolution in morph-biased genes as being consistent with 
this hypothesis (Snell-Rood et al. 2011).  
 It is also possible, from a phylogenetic perspective, that genes with high rates of 
evolution are more likely to evolve morph-biased expression. This would give the 
impression that morph-biased expression has a direct effect on evolutionary rate, but in 
fact is a consequence of a preexisting evolutionary rate. Hunt et al. (2010) presented 
evidence that queen-biased genes are historically more dispensable (a gene’s degree of 
importance to organismal fitness) and can be interpreted as support for this hypothesis. 
The findings of Snell-Rood et al. (2011) could also be explained by this hypothesis. 
 Finally, morph-biased genes may actually experience a reduction in evolutionary 
rate due to morph-biased expression. If genes with higher rates of evolution are more 
likely to evolve morph-biased expression (third scenario) then a shift from unbiased to 
biased expression may be accompanied by a decrease in a gene’s level of dispensability. 
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This does not rule out the possibility that morph-biased genes are still evolving more 
quickly than unbiased genes but they would be evolving more slowly then their orthologs 
in other non-polyphenic lineages. This scenario can only be detected using a phylogenetic 
approach, and may require sampling of a large number of species. Again, Hunt et al. 
(2010) found evidence that worker-biased genes are evolving more slowly than queen-
biased and unbiased genes, raising the possibility that at least some biased genes in bees 
have experienced a deceleration in evolutionary rate. 
 It is important to note that these evolutionary scenarios are not mutually exclusive 
and undoubtedly each one of these scenarios is at work in a single species. In fact it is not 
hard to imagine that high rates of evolution for many morph-biased genes can be 
explained by multiple mechanisms. For example, historic dispensability followed by 
contemporary positive selection may be common. The findings of Hunt and colleagues 
(2010) demonstrate this point. Regardless, the fact that morph-biased genes appear to 
evolve uniquely compared to unbiased genes demands a more complete understanding of 
the dominant mode of evolution for these genes. 
 We examined the above issues by focusing on a resource polyphenism found in 
spadefoot toads (genus Spea). Spea tadpoles develop either as omnivore morphs, with 
docile and gregarious behavior, long intestines, small jaw muscles, small smooth beaks, 
and many labile teeth, or as carnivores, with aggressive foraging behavior, short 
intestines, large jaw muscles, large serrated beaks, and few labial teeth (Pomeroy 1981, 
Pfennig 1990; Figure 1.1). Carnivore morphs feed on fairy shrimp and/or tadpoles while 
omnivores forage on organic detritus and/or algae. These dietary differences induce 
individuals to develop into each of these different alternative phenotypes (Pfennig 1990).  
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Figure Legends 
Figure 1.1. Alternative tadpole morphs of spadefoot toads (genus Spea). The tadpole on 
the top (carnivore) consumed a diet of brine shrimp and the bottom tadpole (omnivore) 
consumed a diet of fish food. 
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Figure 1.1 
 
 
 
 
 
 
 
 
 
 
 
 
 
  
 
CHAPTER II 
EVOLUTION OF GENES WITH MORPH-BIASED GENE EXPRESSION 
 
Summary  
 Polyphenisms allow for the expression of two or more discrete phenotypes from a 
single genotype in an environment dependent manner. These phenotypes are associated 
with extensive differences in levels of gene expression and recent work suggests that 
genes with differential expression between phenotypes (biased genes) evolve at elevated 
rates relative to genes showing no difference between phenotypes (unbiased genes). The 
causes of this difference in evolutionary rate remain relatively unexplored. Using a 
combination of molecular and genomic approaches I identified genes with biased 
expression between the environmentally induced alternative morphs of spadefoot toad 
tadpoles (genus Spea). I further characterized these morph-biased genes in closely related 
spadefoot toad species that do not express alternative tadpole morphologies (genus 
Scaphiopus). Phylogenetic estimates of protein evolutionary rates in Spea reveal that 
morph-biased genes are evolving more quickly than unbiased genes, but this was 
dependent on rate estimation method. Surprisingly, in Scaphiopus morph-biased 
orthologs are evolving more quickly than unbiased orthologs, regardless of estimation 
method. Finally, morph-biased genes in Spea are evolving no more quickly than their 
orthologs in Scaphiopus. In total, our work suggests that genes with higher rates of 
evolution are more likely to evolve differential expression, but differential expression has 
no direct influence on a gene’s evolutionary rate. 
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Introduction 
 Over the past 20 years, research on phenotypic plasticity has come into the 
mainstream of evolutionary biology. Yet, it still remains unclear what type of genes are 
recruited during the evolution of adaptively plastic phenotypes. Understanding if and why 
morph-biased genes evolve differently than other genes in the genome is important for 
understanding this question. To this end, the goals of this study were (1) identify genes 
with morph-biased expression, and (2) compare the rates of evolution for morph-biased 
and unbiased genes. To do this I utilized both heterologous microarrays (Xenopus 
tropicalis) and a previously sequenced library of expressed sequences to identify 
potential candidates for morph-biased expression. These candidates where then evaluated 
for morph-biased expression using quantitative real time PCR (qRT-PCR). After 
classifying each gene based on its expression phenotype, I then sequenced orthologs of 
each in closely related species with know variation in the expression of alternative 
tadpole morphs. With these sequences I estimated protein evolutionary rates to compare 
how morph-biased genes evolve relative to unbiased genes in both a polyphenic and non-
polyphenic lineage. 
 
Methods 
Morph-biased gene discovery with heterologous microarrays 
Two sibships of S. bombifrons were produced from adult toads previously 
collected from the San Simon Valley of Cochise County, Arizona and currently housed at 
the University of North Carolina Chapel Hill for the past 1 to 2 years. At two days post-
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hatching, groups of eight tadpoles were randomly selected and placed into 20 replicate 
(28 x 18 x 10 cm) tanks for each family and filled with 6 L of dechlorinated tap water. 
Groups were fed brine shrimp nauplii ad libitum until 3 days post-hatching and were then 
transitioned to a diet of live brine shrimp (ad libitum). At eight days post-hatching 
(Gosner 29-32), 8 carnivores and 8 omnivores were selected (5 and 3 from each family) 
from unique tanks and immediately flash frozen in liquid nitrogen. At a later time, tissue 
was homogenized and extracted for total RNA using Trizol Reagent and PureLink spin 
columns (Invitrogen) with on-column DNase I digestion following the manufacture’s 
protocol. The resulting RNA extracts were spiked with SuperaseIn RNase inhibitor 
(Ambion). DNA integrity was checked using gel electrophoresis and sample 
concentrations were quantified using a NanoDrop spectrophotometer (Thermo 
Scientific). 
Microarray hybridization was conducted at the University of North Carolina 
Functional Genomics Core using Affymetrix Xenopus tropicalis genome arrays. 
Specifically, 2 µg of total RNA was used to synthesize cDNA. A custom cDNA kit from 
Life Technologies was used with a T7-(dT)24 primer for this reaction. Biotinylated 
cRNA was then generated from the cDNA reaction using the BioArray High Yield RNA 
Transcript Kit. cRNA was fragmented in fragmentation buffer (5X fragmentation buffer: 
200mM Tris-acetate, pH8.1, 500mM KOAc, 150mM MgOAc) at 94ºC for 35 minutes 
before the chip hybridization. 15 mg of fragmented cRNA was then added to a 
hybridization cocktail (0.05 mg/ml fragmented cRNA, 50 pM control oligonucleotide B2, 
BioB, BioC, BioD, and cre hybridization controls, 0.1 mg/ml herring sperm DNA, 0.5 
mg/ml acetylated BSA, 100mM MES, 1M [Na+], 20mM EDTA, 0.01% Tween 20). 10 
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mg of cRNA was used for hybridization. Arrays were hybridized for 16 hours at 45°C in 
the GeneChip Hybridization Oven 640. The arrays were washed and stained with R-
phycoerythrin streptavidin in the GeneChip Fluidics Station 400. After this, the arrays 
were scanned with a Hewlett Packard GeneArray Scanner. Affymetrix GeneChip 
Microarray Suite 5.0 software was used for washing and scanning. 
 The resulting probe level data was mas background corrected, normalized with 
quantiles, and pm corrected and summarized using a custom method with Affy (Irizarry et 
al. 2003) in R v2.12.1(R Development Core Team 2010). Our custom method evaluated 
all PM and MM probes within a probeset for the probe with the highest average 
expression across all samples. The value of this single probe was then used as the final 
expression measure for each sample. I choose this method to minimize our false negative 
rate, at the cost of greatly increasing the potential number of false positives. Differences 
between morphs were evaluated using R/maanova (Wu et al. 2003). Specifically, a fixed 
effect model was fit to the summarized log2 values (~Morph + Family) and analyzed for 
significance using F-tests with permutation (1,000 sample permutations). The resulting p-
values where corrected for multiple hypothesis testing using R/qvalue (Storey and 
Tibshirani 2003). Because a great deal of sequence divergence was observed between X. 
tropicalis and S. bombifrons and low expression values may be an artifact of this 
sequence divergence (Renn et al. 2004; Buckley 2007) we chose not to filter the 
expression data. Ultimately, because my interest was in the identification of candidate 
genes with morph-biased expression I was more concerned with false-negatives than 
false-positives. 
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 Significant probe sets were annotated using BLAST. In particular, consensus 
sequences from Affymetrix probe sets were searched against all available non-redundant 
protein sequences (blastx) with a coverage minimum of 50% and an e-value cutoff of 1 E-
15. Probe sets with no X. tropicalis best hit meeting the search criteria were removed from 
the candidate list.  
 
Morph-biased gene discovery with sequence library 
To increase the likelihood of identifying genes with morph-biased expression I 
developed qRT-PCR primers (see below for details) from a library of expressed 
sequences (K. Pfennig and C. Jones unpublished data). The library was created by 454 
transcriptome sequencing of a pool of S. bombifrons tadpoles at various larval stages. 
This library was filtered for sequences with at least 600 bp of sequence and each contig 
was annotated using BLAST as described previously. In addition, ribosomal RNA genes 
were removed from the candidate list.  
 
Assessment of differential expression 
 Quantitative real time PCR (qRT-PCR) was used to measure the degree of 
differential expression between omnivores and carnivores for each candidate gene. 
Specifically, genes showing significant expression on the microarrays were selected and 
coding regions (250 to 900 bp) were sequenced from a single S. bombifron’s individual 
(laboratory bred from Last Chance, CO by Limon, CO) using primers designed from 
alignments of the X. tropicalis best hit for a given probe set and at least two vertebrate 
orthologs (BLAST best hits). Genes with no orthologs were removed from the analysis. 
	   12	  
For those genes with successful sequencing, orthology to the original annotation was 
reconfirmed using BLAST of the protein translations (blastx). With these candidates and 
those from the sequence library I designed primers using PrimerQuest (Integrated DNA 
Technologies) and the following design parameters: product size = 90-160 bp, primer 
length = 22-28 bp, TM = 58-61, GC = 50%. Over half of these primer pairs were designed 
to span exon-intron boundaries for post-PCR confirmation of no DNA contamination 
(Table A.1). Total RNA samples were tested with a subset of primer pairs for possible 
DNA contamination. cDNA was then generated from 2 µg of total RNA using a High-
Capacity RNA to cDNA kit with both random hexamer and Oligo-dT primers (Applied 
Biosystems, Foster City, CA). All samples were run on a Bio-Rad CFX96 using FAST 
SYBR Green Master Mix (Applied Biosystems) for 40 cycles at 60°C. The resulting 
threshold values (CT) were averaged across replicates and relative expression measures 
were calculated using the ∆∆CT method (Livak and Schmittgen 2001). In particular, all 
samples were normalized relative to actg1 and actb (see appendix Selection of 
endogenous control genes) and expression level was relative to a calibrator sample, 
which was an arbitrary pool of tadpole cDNA. The mean expression level for omnivores 
and carnivores was subtracted and log2 transformed to produce a fold difference (FD) 
value for each gene. Mann-Whitney tests (R/wilcox.test) with FDR correction 
(R/p.adjust, Benjamini and Hochberg 1995) were used to test significance of differential 
expression. Based on magnitude of FD and degree of statistical significance (p-value) 
each gene was classified into one of three groups. Genes with an FD value greater or 
equal to 1.0 and a p-value less than or equal to 0.05 were classified as morph-biased. 
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Genes with an FD value less than 0.2 and a p-value greater than 0.05 were classified as 
unbiased. All other genes were considered ambiguous. 
 
Validation of differential expression in wild samples 
To test if gene expression differences seen in lab bred tadpoles were reflected in 
the wild, I tested three morph-biased genes (amy2a, pglyrp1 and pnlip) and one 
ambiguous gene (lyzc) in wild caught tadpoles. These genes were selected because of 
their predicted expression in gut tissues. I randomly collected 37 tadpoles from a pond 
near Rodeo, NM and transported them to the Southwestern Research Station near Portal, 
AZ where they were weighed, anesthetized using tricaine mesylate (MS-222), and 
euthanized by decapitation. Heads were placed in ethanol and were used to quantify the 
size of each tadpole’s orbitohyoideus muscle (OH), number of labile teeth (LT) and beak 
shape (MP). These measures were combined into a single multivariate shape variable 
using principle component analysis following methods detailed in Pfennig et al. (2007), 
with the exception that a tadpole’s mass, instead of snout vent length, was used to 
standardize the size of a tadpole’s OH. PC1 explained 87% of the variance in 
morphology and was used to assign each tadpole to one of two groups using K-Means 
clustering (R/kmeans, Hartigan and Wong 1979). The remaining body tissue was 
immediately frozen in Trizol reagent and shipped to the University of North Carolina 
Chapel Hill on dry ice where they were processed identically to samples used for 
microarray analysis (see above).  Expression was calculated relative to a single individual 
chosen arbitrarily.  
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Sequencing and evolutionary rate estimates 
For genes classified as either morph-biased or unbiased I sequenced orthologous 
portions of coding sequence from single individuals of S. multiplicata (laboratory bred, 
Dona Ana, TX by Hudspeth, TX), Sc. couchii (laboratory bred, Portal, AZ), Sc. 
holbrookii (field collected in Richmond County, North Carolina). In particular, the 
original primers used for S. bombifrons sequencing were used for all microarray-derived 
genes and consensus primers designed from S. bombifrons-X. tropicalis alignments were 
used for all library-derived genes. In some cases, further sequencing using standard PCR 
and 3’ and/or 5’ RACE (Invitrogen) were used to obtain additional sequence. PCR 
products were directly sequenced at the UNC Genome Analysis Facility on an Applied 
Biosystems 3730XL Genetic Analyzer and sequences were assembled manually in 
Sequencer v4.10.1 (Gene Codes) at a minimum of 2X coverage. Polymorphic sites were 
coded using IUPAC nomenclature. For X. tropicalis and X. laevis, coding sequences 
were extracted from Genbank (X. tropicalis RefSeq v4.2). Sequences for each gene were 
translated and aligned using MAFFT v6.483b (Katoh et al. 2002). After removing gaps 
the resulting protein alignments were converted to codon alignments using PAL2NAL 
(Suyama et al. 2006). Evolutionary rates were then estimated with PAML v4.2 (Yang 
2007) using two different approaches. (1) Species of the same genus were compared for 
pairwise estimates of the nonsynonymous to synonymous substitution rate (dN/dS or ω) 
(runmode = -2, CodonFreq = 2). (2) A branch model (Yang 1998) was used to estimate 
dN/dS for each of the following clades (three branches per clade): Spea, Scaphiopus and 
Xenopus (runmode = 0, CodonFreq = 2, model = 2) on the following unrooted tree 
([bombifrons, multiplicata],[tropicalis, laevis],[couchii, holbrookii]). In some cases when 
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X. laevis sequences were not available (11 of 53 genes) an identical tree with the 
exclusion of “laevis” was used. Using these rate estimates, morph-biased and unbiased 
genes were evaluated for evolutionary rate differences within and between species. 
 
Results 
Gene discovery 
The microarray experiment generated 244 candidate probesets corresponding to 
241 unique genes (Table A.2). Of these I was able to obtain sequence data for 74 genes. 
After filtering the sequence library based on length there were 72 unique genes. In 
addition, I sequenced portions of two genes, pitx2 and foxn3, due to their potential 
functions in digestive and craniofacial development in Xenopus larvae, respectively 
(Muller et al. 2003; Schuff et al. 2007). 
 
Assessment of differential expression 
Of the 148 genes with sequence data (see above), I was able to design and test 
133 for differential expression between carnivore and omnivore morphs. I found 25 genes 
were morph-biased in their expression and 28 genes were unbiased in their expression. 
The mean fold difference was 1.82 for morph-biased genes and 0.07 for unbiased genes. 
Of the remaining 80 genes, the average fold difference was 0.51 (Table 2.1 and Figure 
2.1).  
In wild caught tadpoles, all genes showed expression differences that paralleled 
differences seen in laboratory-reared tadpoles (Figure 2.2). In lab tadpoles, amy2a had a 
fold difference of 4.21, and in wild tadpoles an FD of 3.34 (p < 0.001, t = 5.601, df = 35). 
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pglyrp1 and pnlip had FDs of 2.72 and 7.00 in lab tadpoles and 2.20 and 9.00 in wild 
tadpoles (p < 0.001, t = 4.424, df = 35 and p < 0.001, t = 15.11, df = 35). Additionally, 
the ambiguous gene, lyzc, had an FD of 0.28 in lab tadpoles and 0.57 in wild tadpoles (p 
= 0.299, t = 1.054, df = 35). 
 
Evolutionary rate estimates 
 I was able to obtain orthologous sequences of S. bombifrons genes in S. 
multiplicata, Sc. couchii and Sc. holbrookii for 49 of the 53 genes with either morph-
biased or unbiased expression. After removal of gaps and codons with ambiguities, the 
total number of sites analyzed for pairwise estimation per gene ranged from 300 to 696, 
with an average of 530.0. For branch-model estimates, the number of sites ranged from 
300 to 702 with an average of 538.9. Pairwise estimates of dN/dS for morph-biased genes 
were not significantly different from unbiased genes in Spea (W = 221.5, p-value = 
0.1061, Figure 2.3A). This was in contrast to branch-model estimates of dN/dS in Spea, 
where morph-biased genes are significantly higher than unbiased genes (W = 191, p-
value = 0.02992, Figure 2.3B). For both pairwise and branch-model estimates in 
Scaphiopus, morph-biased genes were significantly higher than unbiased genes (pairwise: 
W = 174, p-value = 0.01189; branch: W = 159, p-value = 0.00495; Figure 2.3A & B). We 
were unable to calculate pairwise estimates for Xenopus (10 of 53 genes have no 
published X. laevis orthologs), but branch-model estimates revealed that morph-biased 
genes were significantly higher than unbiased genes in Xenopus (W = 197.5, p-value = 
0.04135; Figure 2.3B). Comparisons between Spea and Scaphiopus reveal that gene 
classes are not evolving differently between clades (morph-biased, pairwise: W = 223, 
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p-value = 0.1821, branch-model: W = 216.5, p-value = 0.1432; unbiased, pairwise: W = 
259, p-value = 0.2902, branch model: W = 287, p-value = 0.6273). 
 
Discussion 
 Using a well-studied ecological system, I have analyzed how morph-biased genes 
evolve within and between species with and without morph-biased gene expression. 
Across all species analyzed, there is strong support for morph-biased genes experiencing 
unique selection pressures relative to genes with unbiased expression. In particular, there 
is a general trend towards higher rates of protein evolution in morph-biased genes. In 
Xenopus, morph-biased genes evolve more quickly than ubiased genes, but I was only 
able to estimate dN/dS using the branch-model of evolution because many X. laevis 
orthologs were not publicly available. Without these orthologs, pairwise estimates, which 
would suffer less from substitution saturation, are unobtainable. Because of this, the 
Xenopus estimates should be treated with caution. Despite this, saturation tends to deflate 
estimates of dN/dS, and maximum likelihood models seem to be robust to a great deal of 
sequence divergence (Yang 2005). In fact, branch lengths were never greater than 3 
substitutions per codon, well below the recommended upper limit of 10 to 50 
substitutions per nucleotide site (Yang 2005). Therefore, it is reasonable to assume that 
comparisons between gene classes within Xenopus are more informative than 
comparisons of a gene class between clades. This is because saturation should deflate 
gene classes evenly due to their shared evolution since a common ancestor, but will 
deflate genes within Xenopus disproportionately relative to genes within Spea or 
Scaphiopus. 
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 In Scaphiopus both pairwise and branch-model estimates of dN/dS supported a 
higher rate in morph-biased relative to unbiased genes. This is in contrast to Spea where 
pairwise estimates did not support different rates of evolution between the two gene 
classes while branch-model estimates did (morph-biased greater than unbiased). What 
might account for this discrepancy and which estimation method is likely to be most 
accurate? 
 Rates of substitution are known to be time dependent, with short time scales 
showing higher rates than long time scales (Ho et al. 2005). This means that the time-
dependency effect should elevate pairwise estimates in Spea (time since common 
ancestor of S. multiplicata and S. bombifrons) relative to branch-model estimates (time 
since common ancestor of Spea and Scaphiopus). The data are just the opposite, both 
mean and median dN/dS are lower for pairwise estimates than branch-estimates.  
 Another possible explanation for this discrepancy between rate estimation 
methods is the unique ecology of S. multiplicata and S. bombifrons. The distributions of 
these two species overlap throughout the desert southwest and where they do overlap 
they are known to hybridize (Pfennig & Simovich 2002; Pfennig 2007). It is possible that 
both recent and historic hybridization between these species has reduced the rate of 
divergence, which would disproportionately affect pairwise estimates. If this is the case, 
using a model where each branch is allowed to have a unique evolutionary rate, dN/dS 
should be lower on the terminal branches within Spea, but higher on the internal branch 
linking the common ancestor of S. multiplicata and S. bombifrons with the common 
ancestor of Spea and Scaphiopus (ancestral branch). Indeed, dN/dS estimates for the 
branch unique to S. bombifrons or S. multiplicata are lower than the ancestral branch (all 
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genes: p = 0.03516 and p = 0.02235, respectively) and there is no difference between the 
S. bombifrons and S. multiplicata branches (p = 0.8022). This is not simply a 
methodological artifact. When this same analysis is replicated in Scaphiopus, dN/dS 
estimates for terminal branches are no different from the ancestral branch (couchii versus 
ancestral: p = 0.1723; holbrookii versus ancestral: p = 0.6346) and terminal branches do 
not differ (p = 0.3543). In addition, dN/dS estimates for morph-biased genes on the 
ancestral branch of Spea are no different than estimates on the ancestral branch of 
Scaphiopus (p = 0.9912), suggesting a recent deceleration of evolutionary rate. 
 Together these findings support that hybridization is deflating the level of 
divergence between S. bombifrons and S. multiplicata. This is surprising because the 
population genetic analyses suggest that the distributions of these two species are only 
recently overlapping (Rice & Pfennig 2008). It is important to note that the above 
findings are also consistent with morph-biased expression causing a deceleration of 
protein evolutionary rate since the time that S. bombifrons and S. multiplicata’s split from 
their common ancestor. Without further data, a definitive answer to this question is 
impossible, but if hybridization is responsible for differences between estimation 
methods in Spea, then the branch-model estimates will be less affected. These estimates 
support morph-biased genes evolving more quickly than unbiased genes. In Chapter 3 I 
discuss additional work necessary to resolve this issue (hybridization versus morph-
biased expression).  
 The fact that morph-biased genes show elevated rates of evolution in lineages 
where they are not differentially expressed (non-polyphenic) is interesting. This finding 
suggests that morph-biased genes may evolve differential expression because they are 
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more quickly evolving. This idea is not new. Hunt et al. (2010) suggested historic 
dispensability might explain why queen-biased genes have higher evolutionary rates than 
unbiased and worker-biased genes in bees (Apis mellifera), but they also found evidence 
for an additional rate increase due to queen-biased expression. For genes with sex-biased 
expression, it has been suggested that higher levels of dispensability accounts for higher 
rates of evolution (Mank & Ellegren 2009). This raises the question, what is the link 
between dispensability, protein evolutionary rate and the evolution of differential gene 
expression? 
 One link is that a gene’s level of dispensability is positively correlated with 
expression variance (Fraser et al. 2004) and with evolutionary rate (Hirsh & Fraser 2001). 
Thus even though expression variance and evolutionary rate are highly correlated with 
each other it is due to their shared relationship with dispensability. This means fast 
evolving genes are more likely to have expression variation. If any of this variation is 
heritable and beneficial under relevant conditions it can evolve differential expression 
within a species. Fast evolutionary rate of differentially expressed genes would be an 
indirect consequence (Figure 2.4). 
 The link between dispensability and expression variation is most commonly 
explained as a function of selection on regulation of expression. Important genes are 
predicted to experience tight regulation while less-important genes are less tightly 
controlled (Mank & Ellegren 2009). Genes that are important to organismal fitness 
should be more buffered against environmental perturbations. This raises a new question. 
If a gene evolves differential expression in a polyphenic species then shouldn’t its 
dispensability decrease along with its evolutionary rate? As discussed above, it is 
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possible that morph-biased genes may have recently experienced a deceleration in 
evolutionary rate. This study is unable to address a possible shift in dispensability, but if 
future work reveals a deceleration in protein evolutionary rate not due to hybridization, it 
may be worthwhile to experimentally estimate the fitness of morph-biased genes. 
Although the technology for genetic knockouts does not exist in Spadefoot toads, 
knockdown techniques for Xenopus appear to work in Spea (K. Pfennig & C. Jones 
unpublished data). By knocking down morph-biased genes during larval development it 
would be possible to analyze how variation in dispensability correlate with variation in 
evolutionary rate on the spadefoot phylogeny. For example does pancreatic lipase (pnlip) 
have a more severe knockdown phenotype in S. bombifrons than Sc. couchii concordant 
with its lower rate of evolution in Spea versus Scaphiopus (branch-model dN/dS = 
0.0487 versus 0.4753)? And maybe more interestingly, are the fitness consequences of 
knockdown more severe in the alternative phenotype in which a gene shows biased 
expression (similar to sex-biased genes, Connallon & Clark 2011). 
 In total, this study demonstrates that morph-biased genes experience a unique set 
of selection pressures relative to their unbiased counterparts. This difference in selection 
pressure is not only unique to polyphenic lineages, but also extends to species without 
polyphenic gene expression. In fact, it qualitatively appears that the difference is greater 
in non-polyphenic lineages, but this remains inconclusive and requires further study. 
Never the less, morph-biased expression appears to more commonly evolve in genes with 
higher rates of evolution, and possibly higher levels of dispensability.  
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Table 2.1. Quantitative PCR results for all candidate genes tested (n = 133). P-values 
were obtained from two-sided Mann-Whitney U tests and were FDR corrected 
(Benjamini & Hochberg 1995). Group means are of log2 normalized and relative 
expression values and fold difference is the absolute difference of omnivore and 
carnivore means. See text for description of classification criteria. 
  Mann-Whitney 
U test 
Group 
Means 
   
Target p-
value 
FDR p-
value 
Carnivores Omnivores Fold 
Difference 
Expression 
Class 
a2m 0.007 0.0205 -0.989 -0.275 0.713 Ambiguous 
abcc4 0.003 0.0093 1.242 2.051 0.809 Ambiguous 
acp6 0.0281 0.0633 1.55 1.931 0.381 Ambiguous 
actc1 0.0499 0.1005 -2.351 -3.208 0.857 Ambiguous 
aff2 0.065 0.1185 -1.129 -1.603 0.474 Ambiguous 
aldoa 0.1949 0.277 1.335 0.936 0.4 Ambiguous 
amy2a 0.003 0.0093 -5.904 -1.698 4.206 Morph-
biased 
arhgdig 0.0379 0.0826 -0.217 -0.81 0.593 Ambiguous 
arx 0.0006 0.0037 0.721 -0.17 0.892 Ambiguous 
atp2a1 0.065 0.1185 -1.207 -2.023 0.816 Ambiguous 
atp5g3 0.7984 0.8487 -2.824 -2.905 0.081 Unbiased 
barx2 0.0019 0.0068 2.38 1.504 0.875 Ambiguous 
BC157756.1 0.1605 0.2408 -0.647 -0.904 0.257 Ambiguous 
bicd1 1 1 1.701 1.62 0.081 Unbiased 
btf3 0.0002 0.0021 -0.069 -1.594 1.525 Morph-
biased 
c2orf82 0.0002 0.0021 1.58 -0.12 1.7 Morph-
biased 
c3 0.0011 0.0049 -1.72 -0.091 1.628 Morph-
biased 
cab39l 0.9591 0.9735 -1.216 -1.201 0.016 Unbiased 
cbfb 0.0011 0.0049 1.546 1.032 0.514 Ambiguous 
ccnd2 1 1 1.361 1.394 0.034 Unbiased 
ccni 0.5054 0.626 3.672 3.605 0.067 Unbiased 
cct8 0.0104 0.0287 -0.023 -0.55 0.527 Ambiguous 
chchd1 0.065 0.1185 -0.485 -0.181 0.303 Ambiguous 
cirbp 0.083 0.1494 -0.71 -0.51 0.2 Ambiguous 
clptm1 0.0148 0.0383 0.109 0.599 0.49 Ambiguous 
cnn1 0.0499 0.1005 -0.147 0.169 0.316 Ambiguous 
col2a1 0.0003 0.0025 -0.119 -1.985 1.866 Morph-
biased 
col5a1 0.6454 0.7322 3.879 3.795 0.085 Unbiased 
col9a1 0.0003 0.0025 2.188 0.393 1.795 Morph-
biased 
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cox5a 0.8785 0.9194 0.371 0.357 0.014 Unbiased 
cryba4 0.2786 0.3761 -0.759 -1.229 0.469 Ambiguous 
crybb2 0.065 0.1185 -1.322 -0.334 0.988 Ambiguous 
crybb3 0.1605 0.2408 0.435 -0.299 0.733 Ambiguous 
csda 0.0006 0.0037 1.288 -0.136 1.423 Morph-
biased 
dach1 0.1949 0.277 0.217 0.385 0.168 Unbiased 
ddx1 0.0281 0.0633 1.434 0.875 0.559 Ambiguous 
ddx21 0.0011 0.0049 1.089 0.556 0.533 Ambiguous 
des1 0.0006 0.0037 2.117 0.865 1.251 Morph-
biased 
det1 0.003 0.0093 0.272 0.822 0.55 Ambiguous 
eef1b2 0.1605 0.2408 -0.132 -0.541 0.409 Ambiguous 
eif3b 0.003 0.0093 -0.675 -1.184 0.509 Ambiguous 
eif3c 0.0003 0.0025 2.374 1.153 1.221 Morph-
biased 
eif3l 0.0207 0.049 -2.033 -2.534 0.501 Ambiguous 
elmod1 0.0499 0.1005 3.628 3.281 0.347 Ambiguous 
eno3 0.1049 0.1816 2.258 2.662 0.404 Ambiguous 
ercc3 0.5737 0.6735 1.247 1.285 0.037 Unbiased 
faf1 0.7984 0.8487 2.257 2.262 0.006 Unbiased 
fam49a 0.2345 0.323 -0.424 -0.71 0.286 Ambiguous 
fam73a 0.1949 0.277 2.814 2.453 0.361 Ambiguous 
foxn3 0.0011 0.0049 1.791 2.652 0.86 Ambiguous 
gak 0.1605 0.2408 1.489 1.729 0.24 Ambiguous 
galntl6 0.1605 0.2408 -0.78 -0.527 0.253 Ambiguous 
gas8 0.3823 0.4869 -0.826 -0.997 0.171 Unbiased 
gnb2l1 0.0006 0.0037 2.338 1.252 1.086 Morph-
biased 
got2 0.0002 0.0021 0.743 -0.75 1.493 Morph-
biased 
gpm6a 0.0148 0.0383 -1.423 -1.902 0.479 Ambiguous 
gtdc1 0.4418 0.5574 -0.19 -0.361 0.171 Unbiased 
hoxa1 0.0379 0.0826 -0.087 -0.543 0.455 Ambiguous 
hpcal1 0.0019 0.0068 -1.25 -0.706 0.544 Ambiguous 
hsp90ab1 0.6454 0.7322 0.749 0.511 0.238 Ambiguous 
htatsf1 0.3282 0.4302 -0.067 -0.312 0.245 Ambiguous 
itgb1bp3 0.0019 0.0068 0.171 -0.703 0.874 Ambiguous 
krt5.2 0.0006 0.0037 -0.449 -1.462 1.013 Morph-
biased 
krt8 0.3282 0.4302 1.818 1.657 0.161 Unbiased 
krt12 0.1605 0.2408 -1.214 -0.926 0.288 Ambiguous 
krt19 0.0002 0.0021 0.204 -1.121 1.325 Morph-
biased 
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kti12 0.0104 0.0287 -0.735 -0.464 0.271 Ambiguous 
lyst 0.5737 0.6735 0.055 0.034 0.021 Unbiased 
lyzc 0.5054 0.626 -1.851 -1.573 0.278 Ambiguous 
mdh2 0.0003 0.0025 0.685 0.075 0.61 Ambiguous 
mmaa 0.1304 0.2173 0.728 0.553 0.175 Unbiased 
mrf1 0.0002 0.0021 1.539 0.233 1.305 Morph-
biased 
mug1 0.0003 0.0025 -3.838 -1.373 2.465 Morph-
biased 
myh2 0.065 0.1185 0.189 -0.517 0.706 Ambiguous 
myh8 0.6454 0.7322 1.361 1.028 0.332 Ambiguous 
myl1 0.0104 0.0287 0.999 -0.028 1.027 Morph-
biased 
myl3 0.0011 0.0049 -0.07 -1.05 0.98 Ambiguous 
mylpf 0.1605 0.2408 0.388 0.629 0.241 Ambiguous 
nbeal2 0.0002 0.0021 1.499 2.252 0.753 Ambiguous 
ndufab1 0.0019 0.0068 -1.46 -1.911 0.451 Ambiguous 
neb 0.6454 0.7322 1.449 1.171 0.278 Ambiguous 
ngly1 0.1949 0.277 -0.644 -0.903 0.259 Ambiguous 
nono 0.0207 0.049 2.179 2.653 0.474 Ambiguous 
npffr2 0.5737 0.6735 -1.614 -1.523 0.09 Unbiased 
nsa2 0.3282 0.4302 -1.369 -1.065 0.304 Ambiguous 
peli1 0.1304 0.2173 1.219 1.519 0.3 Ambiguous 
pgc 0.0499 0.1005 -0.252 0.17 0.422 Ambiguous 
pglyrp1 0.0003 0.0025 -2.949 -0.229 2.72 Morph-
biased 
pif1 0.3823 0.4869 -1.224 -0.742 0.482 Ambiguous 
pitx2 0.3823 0.4869 1.39 1.286 0.104 Unbiased 
pm20d2 0.0011 0.0049 0.851 -1.416 2.267 Morph-
biased 
pnlip 0.0002 0.0021 -5.804 1.197 7.002 Morph-
biased 
pou6f1 0.065 0.1185 2.109 2.352 0.243 Ambiguous 
prss8 0.7209 0.7912 2.901 2.979 0.079 Unbiased 
psmc6 0.0002 0.0021 -0.864 -1.676 0.813 Ambiguous 
psmd1 0.7209 0.7912 1.996 1.923 0.073 Unbiased 
ptafr 0.5737 0.6735 -1.115 -1.254 0.139 Unbiased 
ptprs 0.003 0.0093 -0.292 -1.007 0.715 Ambiguous 
rasd1 0.7209 0.7912 1.626 1.557 0.068 Unbiased 
rbp1 0.9591 0.9735 -1.223 -1.196 0.027 Unbiased 
reep5 0.0003 0.0025 1.026 -0.073 1.1 Morph-
biased 
rho 0.0207 0.049 -1.563 -2.307 0.744 Ambiguous 
ric8a 0.7984 0.8487 0.73 0.68 0.051 Unbiased 
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serbp1 0.8785 0.9194 3.021 3.073 0.052 Unbiased 
sfxn5 0.0207 0.049 1.652 0.914 0.738 Ambiguous 
sgpp1 0.7984 0.8487 1.203 1.191 0.012 Unbiased 
shisa7 0.0019 0.0068 0.091 -1.101 1.191 Morph-
biased 
slc3a2 0.1605 0.2408 -1.286 -1.658 0.372 Ambiguous 
slc25a3 0.2786 0.3761 -1.278 -1.644 0.365 Ambiguous 
sox21 0.1304 0.2173 2.188 1.858 0.33 Ambiguous 
ssg1 0.003 0.0093 0.963 0.042 0.921 Ambiguous 
taf15 0.0207 0.049 -0.299 -0.56 0.262 Ambiguous 
tbc1d13 0.0002 0.0021 3.606 2.747 0.86 Ambiguous 
tbx15 0.0002 0.0021 1.981 0.89 1.091 Morph-
biased 
tf 0.0006 0.0037 -3.302 -1.63 1.671 Morph-
biased 
thrap3 0.7209 0.7912 1.754 1.73 0.024 Unbiased 
tmem147 0.0047 0.014 -1.153 -0.717 0.436 Ambiguous 
tmsb4 0.1605 0.2408 -0.683 -0.995 0.312 Ambiguous 
tnnc2 0.1049 0.1816 0.076 -0.301 0.377 Ambiguous 
tnni2 0.0047 0.014 1.176 0.071 1.105 Morph-
biased 
tnnt3 0.0011 0.0049 0.654 -0.368 1.022 Morph-
biased 
tpm1 0.1049 0.1816 0.48 0.136 0.343 Ambiguous 
tpt1 0.2345 0.323 -1.09 -1.407 0.317 Ambiguous 
trim63 0.0281 0.0633 2.713 1.249 1.464 Ambiguous 
ttn 0.0499 0.1005 1.248 0.326 0.922 Ambiguous 
ubn2 0.0148 0.0383 1.903 2.178 0.274 Ambiguous 
ush2a 0.0019 0.0068 2.072 1.127 0.945 Ambiguous 
wapal 0.9591 0.9735 0.706 0.674 0.033 Unbiased 
ybx1 0.0019 0.0068 -0.98 -0.254 0.726 Ambiguous 
zbtb46 0.1949 0.277 3.319 3.549 0.23 Ambiguous 
zfr 0.9591 0.9735 2.904 2.946 0.042 Unbiased 
znf326 0.2345 0.323 -0.204 -0.462 0.258 Ambiguous 
znf451 0.065 0.1185 2.313 2.731 0.419 Ambiguous 
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Figure Legends 
Figure 2.1. Volcano plot of genes tested with qRT-PCR in S. bombifrons. Increasing 
values on the vertical axis correspond to increasing levels of significance as determined 
by Mann-Whitney tests for each gene independently. The horizontal ling corresponds to a 
FDR p-value of 0.05. The horizontal axis is fold difference for a given gene is the 
absolute fold difference between group means. Each genes classification is indicated by 
color, red for morph-biased, blue for unbiased and black for ambiguous. 
 
Figure 2.2. Comparisons of gene expression measured in lab reared and wild caught 
tadpoles. Three genes, (A) amy2a, (C) pglyrp1 and (D) pnlip were significantly 
differentially expressed between carnivores and omnivores in both lab reared and wild 
collected tadpoles. One gene, (B) lyzc was not significantly differentially expressed in lab 
reared and wild collected tadpoles. Notches roughly correspond to 95% confidence 
intervals for difference between group medians (Chambers et al. 1983).  
 
Figure 2.3. Comparison of protein evolutionary rates (dN/dS). (A) Pairwise estimates of 
dN/dS for morph-biased and unbiased genes in Spea (S. bombifrons versus S. 
multiplicata) and Scaphiopus (Sc. couchii versus Sc. holbrookii). (B) Branch-model 
estimates of dN/dS for Spea (red), Scaphiopus (blue) and Xenopus (green). 
 
Figure 2.4. Suggested scenario for the evolution of polyphenic expression. See text for 
detailed description. 
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Figure 2.1 
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Figure 2.2 
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Figure 2.3 
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Figure 2.4 
 
 
 
 
 
 
 
 
 
  
 
CHAPTER III 
CONCLUSIONS 
 The results of this study reveal that morph-biased genes evolve more quickly than 
their unbiased counterparts and that genes with higher rates of protein evolution are more 
likely to evolve morph-biased expression. Despite these findings there are a number of 
questions that remain unanswered. In this final chapter, I will attempt to outline future 
directions that will resolve many of the remaining questions created by this study. 
 
Hybridization versus morph-biased expression 
 To determine if morph-biased expression has a direct affect on a gene’s 
evolutionary rate, I compared the evolutionary rate of morph-biased genes in a 
polyphenic lineage (Spea) to that of morph-biased orthologs in a non-polyphenic lineage 
(Scaphiopus). The rates of evolution between these two lineages were not significantly 
different from each other, but the general trend was that morph-biased genes in Spea had 
a lower median rate than Scaphiopus (pairwise: 0.06 versus 0.16; branch-model: 0.08 
versus 0.16). This suggests that given more complete sampling morph-biased genes may 
show a deceleration in evolutionary rate relative to other non-polyphenic lineages. 
Unfortunately, inadequate lineage sampling currently makes it impossible to rule out the 
possibility that instead of a rate deceleration in Spea there has been a rate increase in 
Scaphiopus. In addition, as discussed above, even if a rate deceleration is confirmed in 
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Spea, it is difficult to differentiate increased constraint due to morph-biased expression 
from decreased divergence due to hybridization. 
 To address this issue I suggest an increase in lineage sampling. By adding at least 
one more lineage to the branch-model estimates it will be possible to distinguish between 
a deceleration in Spea or an acceleration in Scaphiopus. For example, the following tree 
gives directionality to the potential changes: ( [[Bombifrons, Multiplicata], [Couchii, 
Holbrookii]], Pelobates, Xenopus ). Although this would allow for polarization of rate 
change, without a change in number of genes analyzed, it may be impossible to 
statistically support either scenario. One possible fix of this problem is to use a more 
powerful test for the question at hand. 
 Few, if any, genes follow a strict molecular clock. For most genes, evolutionary 
rate varies between species and the cause of this variation is of great interest (Bromham 
2009). One simple and powerful way to test if a gene’s rate varies between lineages is the 
use of likelihood ratio tests. Using these tests it is possible to compare different models of 
evolution for a given phylogeny. Most importantly, the branch-model used for estimating 
evolutionary rates of genes in Chapter II, may not actually be the best evolutionary 
model. If this is the case any following statistical test may be inaccurate. 
 With the addition of at least one more species less divergent than Xenopus 
(preferably two) it will be possible to estimate protein evolutionary rate for morph-biased 
genes using the following three models. (1) A single-ratio model that assumes all 
branches of the phylogeny evolve at an identical rate. (2) A free-ratio model that assumes 
all branches of the phylogeny evolve at unique rates. (3) A two-ratio model that assumes 
Spea evolves differently than all other branches (or terminal branches in Spea evolve 
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differently). With these three models, the log-likelihood estimates for all genes for a 
given model can be combined, and then the three models can be tested against each other. 
For morph-biased genes, if model 3 is a better fit of the data than either 1 or 2, this will 
be strong and more direct evidence that morph-biased expression has an effect upon 
evolutionary rate. Whereas model 3 should be a poor fit for unbiased genes if morph-
biased expression is the cause of a change in evolutionary rate. If hybridization is the 
cause of rate change in Spea then model 3 should fit the data better for both morph-biased 
and unbiased genes. In addition this analysis can compare models with terminal branches 
in Spea evolving at unique rates which would test if there has indeed been a recent rate 
deceleration. 
 
 Unbiased genomewide expression assays 
 In this study the analysis of a few, conserved and annotated genes allowed for 
comparative molecular evolution in a group of species separated from the nearest genetic 
reference species (Xenopus tropicalis) by over 150 mya (Marjanovic and Laurin 2007). 
Despite the benefits of this approach it may ultimately bias our view of morph-biased 
evolution in Spea, and Spadefoot toads more generally.  
 The problems with drawing broad conclusions based on a small number of 
samples are mostly obvious. I tested 133 genes for differential expression between 
tadpole morphs, 25 of which were found to be morph-biased in their expression (19%). If 
there are 20,000 protein-coding genes in Spea then I tested less than 1% of all potential 
genes. Furthermore, if we assume that 5% of all genes are differentially expressed 
between morphs across development (approximate percentage in castes of ants, Ometto et 
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al. 2011), 1,000 genes, then this study analyzed less than 3% of all morph-biased genes. 
This is not problematic if the 3% is an unbiased sample, but there are at least three 
reasons to believe that this sample is biased. (1) Heterologous microarrays were used for 
candidate gene selection. As a result, genes with greater conservation are more likely to 
be detected as differentially expressed. Genes with high sequence divergence are more 
likely to mis-hybridize making it less likely that a true signal of differential expression 
between groups is detected. (2) Sequencing of candidate genes was done using 
degenerate primers and direct sequencing of PCR products. Genes with substitutions 
and/or insertions and deletions (indels) are less likely to efficiently amplify and sequence. 
As a result, this further biases the group of candidates towards more conserved genes. (3) 
The sequence library was filtered on length during candidate selection. The length of a 
sequence in the library is positively correlated with its level of gene expression. Highly 
expressed genes yield more sequencing reads, and ultimately, longer assembled contigs. 
It is well known that the rate of protein-coding evolution is negatively correlated with 
level of gene expression. Therefore, candidates from the sequence library are biased 
towards slow rates of evolution. 
 Together, these three methodological factors resulted in a group of genes with 
potentially lower rates of protein evolution than the genome-wide average. Fortunately, 
this mostly strengthens the findings of this study. The fact that a difference in rate was 
found between morph-biased and unbiased genes despite this bias towards sequence 
conservation is extraordinary. It’s not hard to believe that unbiased sampling of all 
morph-biased genes will only increase the difference in rate between morph-biased and 
unbiased genes classes. This result would not fundamentally alter the findings of this 
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study, i.e. morph-biased genes evolve more quickly than unbiased genes, but it might 
change our understanding of the selection pressures acting on morph-biased genes. For 
example, if adaptive evolution is driving rapid divergence of many morph-biased genes 
in Spea it could potentially go undetected by this study.  
 The advantage of the current study is its phylogenetic perspective. I am able to 
unequivocally evaluate how genes in one lineage evolve in another. By comparing the 
same group of genes between lineages the methodological biases are less problematic. It 
is paramount that future work in this system maintains this comparative approach while 
simultaneously assessing differential expression in an unbiased fashion. 
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APPENDIX 
CHAPTER II Supplemental Methods 
Selection of endogenous control genes 
 Samples previously described (see Assessment of Differential Expression) were 
normalized by mass and used for qRT-PCR with actg1, actb, gapdh, 18S and 28S. The 
resulting threshold values (CT) were averaged across replicates and Mann-Whitney tests 
were used to test for significant differences in expression between experimental groups 
(i.e. carnivores and omnivores). 
 
CHAPTER II Supplemental Results 
Selection of endogenous control genes 
 Both actb and actg1 were not significantly different in expression between 
experimental groups (W = 20.5, p = 0.2470 and W = 36, p = 0.7128, respectively). All 
three of the remaining genes tested showed significant differences in expression (gapdh: 
W = 13, p = 0.0519; 18S: W = 11, p-value = 0.0312; 28S: W = 9, p-value = 0.0148). 
These results suggest differences in transcriptional activity between omnivores and 
carnivores. 
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Table A.1. Quantitative PCR primers developed from S. bombifrons. Many of the primers 
were designed to span an exon-intron boundary and are labeled as such. 
Gene  Primers Product 
Size 
(bp) 
Exon-
Intron? 
Controls   
18S F1 TCCTTGGATGTGGTAGCCGTTTCTCA 124 no 
18S R1 TCGGATGTCTGCCCTATCAACTTTCG   
    
28S F1 TAGCTGGTTCCCTCCGAAGTTTCCC 120 no 
28S R1 GTTTCGGCCCCAAGACCTCTAATCATT   
    
actg1 F1 ACAGCTGCCTCATCTTCATCCCTT 137 yes 
actg1 R1 ATGCCGCAGGATTCCATACCCAAGAA   
    
actb F1 CACTGGCTCCCAGCACAATGAAGATA 91 yes 
actb R1 AGAGAGGCCAAGATGGATCCTCCAAT   
    
Candidates from microarray   
abcc4 F1 TCTTTGATTGCCGCCCTATTCCGTCT 129 yes 
abcc4 R1 AACCGGCTCCTGTGGTATAATGGACA   
    
acp6 F1 AGCAGATGTTTGATCTTGGAGCCCGA 117 yes 
acp6 R1 TCCGGACAATATTCGTGGAACGGACA   
    
aff2 F1 TATGTAAGGCCAATGGATGGCCAGGA 95 no 
aff2 R1 TGCTGGTTGTTAAAGCCATCCTCGGT   
    
amy2a F1 TCATGTCAAGTTACCGCTGGCCAAGA 133 yes 
amy2a R1 TCGTTGCCACAAGTAGAGTCAGCGTT   
    
arx F2 TGTGTTTCGACACCCAGCCTTCATCA 134 yes 
arx R1 ATTGCACTGCACTTTCGACAGCAGGA   
    
barx2 F1 TCTGGGTCTAACACAACTGCAGGTCA 99 yes 
barx2 R1 TTTGTAGGTGCCTCCTGTCCACCTTT   
    
bicd1 F1 AGTGGAAGCTTGAAGGGTCCTGATGA 141 no 
bicd1 R1 TTGGTCTTTGGTGGGCTCTGTACTCT   
    
cab39l F1 ACAAGACACAAGCTGGTGGTAGCAGA 127 yes 
cab39l R1 CACCTAGCAGCTTAAGTGACTGCCTT   
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cbfb F1 TATCGCTGCAGTTCTTCCCAGCCAAT 127 yes 
cbfb R1 ACGCCGTTCAGAATCATCGGAGCTTT   
    
ccnd2 F1 GTCTGCATGTTCCTCGCATCGAAACT 152 yes 
ccnd2 R1 ACGGCCGCCAGATTCCACTTTAACTT   
    
ccni F1 ACAGCTATTTCTCCGGAACAACGGGA 105 no 
ccni R1 AATACTGACGGCCAGAGCAAGGGTTT   
    
cirbp F1 ACTACTATGGCAGTGGCAGGAGTCAA 137 yes 
cirbp R1 ACAGCCATTGGAAGGACGATCTTGAG   
    
clptm1 F1 ATCACCAAGGTCATGGATGTCAGGCT 147 yes 
clptm1 R1 GAGCCACGACAAGTATTTGAAGGCCA   
    
cnn1 F1 CAAGTACAAGTGTCTTTGCTGGCGCT 138 yes 
cnn1 R1 GCACTGTCCTGCTTTCTTTGTGTGCT   
    
col2a1 F2 TTCTGCACTGAATGGCTGAACCGA 96 no 
col2a1 R2 GCCCAGTTCTGGCCTTGTAACACAAA   
    
col5a1 F1 AAGGTTTGCCTGGTCTCGCTGGAAA 146 no 
col5a1 R1 TTTCAAACCAGGAGCGCCAATCGGA   
    
col9a1 F1 CAACTAGCTAATTTGGCAGCCAGCCT 153 no 
col9a1 R1 ACCCTTGAGTCCAGGCAAACCTCT   
    
csda F1 AAGCACCAGTACAAGGCAGTCGTT 143 yes 
csda R1 TGGCTGAGTTTGAGGAGCATCTGGTA   
    
dach1 F1 AGACGCTTCTCACCAACATTCAGGGT 93 yes 
dach1 R1 GCTCAGTCTTCTCCATTTGCACCTGT   
    
det1 F1 TGGTCACCACGGAAGTCATTGCTGTT 148 no 
det1 R1 GCGAAATTGTTGCTGGAAGCAGAGCA   
    
ddx1 F1 AGCTGACGGGCTTCTATCACAAGGAT 135 yes 
ddx1 R1 TTCACATCGAAGGAATGCAGAGTGGC   
    
elmod1 F1 ATACAAACCCACAACTCGGAGTGTCC 124 yes 
elmod1 R1 TGCTGCGGATTGTCTGAATCATACGC   
    
ercc3 F1 CAAAGAAAGGCATGGTGGCGGAAGAA 130 yes 
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ercc3 R1 ACCTTAAAGCTGTAGCCCTGATCCAC   
    
faF1 F1 ATGGCTTCCTCTTCCGCACTCAGAAA 125 yes 
faF1 R1 AACACCGGATGGCATTCGCCATATCT   
    
fam49a F1 TACGACGGATTGCTTGAGTACGATGG 93 yes 
fam49a R1 AGAGTGTCGTCACTGGTAAACCGACT   
    
fam73a F1 AAGCCATGAGCTTGGCGGAAGAAGAA 142 yes 
fam73a R1 TCTGCCTGCGAAATAATCACCCGGAA   
    
gak F1 AGCACAAGATCTAGGCAGTGGGAAAG 132 yes 
gak R1 TGGACTATGTTGGGATGGCCGGATAA   
    
galntl6 F1 AGTAAGCATGGAGCAACAGGAACCGA 152 no 
galntl6 R1 AAGCAGAACTTCCTTGTGTGCATGGG   
    
gas8 F1 TTTGGAAAGCTACAAGAGGAGCGCGA 119 yes 
gas8 R1 AGCGCTGTCAACTTCCGTTCCAGTAA   
    
gtdc1 F1 TGGTTACACATGTCCTCGGCTTCACA 118 yes 
gtdc1 R1 TTCGACCGGAAATTCAATGTGGCACC   
    
hoxa1 F1 TGCTGGCCAACCCAATACAGTCAGAA 135 no 
hoxa1 R1 TCATTGAGTTGCAGGGCAGCAGCTAT   
    
hpcal1 F1 TACGTTCGACACAAATGGCGATGGGA 110 no 
hpcal1 R1 TGCTAAACGCCCACTTCAGCTTCTGT   
    
htatsF1 F1 ACATCCAGATGGTGTGGCTTCTGTGT 135 no 
htatsF1 R1 TGATAATCCGTCACTCCATCCCACGA   
    
krt8 F1 AACCACTCGCAGTAACATGGACAGCA 134 no 
krt8 R1 AGTCCTCCACTAGACCCTGCATGTTT   
    
kti12 F1 TCCTCCACCCAACCAGTCAACACAAA 145 yes 
kti12 R1 AGGCACCACAATGACATCTCCTGGAA   
    
lyst F1 AGACTGTGGACTGTCAATGGTGACCT 151 yes 
lyst R1 GTACTCCATAACGCTCACAACGTCCA   
    
lyzc F1 GGTACAGCCTTCCAAATTGGGTGTGT 137 yes 
lyzc R1 ACCCAAACCCTCACAATGGCTGTT   
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mmaa F1 TTAGACCGTCTCCTACTCGAGGGACATT 149 yes 
mmaa R1 AACCATGTCAGCCACAGCAAATTCCG   
    
myl3 F1 GGCAAGCCGAAGGCCGAAGAATTAAA 158 yes 
myl3 R1 ATGACTGTCCCGTTCCCTTCCTTGT   
    
nbeal2 F1 AGGGTTGATGATGAGCCACCAGGATT 122 yes 
nbeal2 R1 GTTTGTTGTTCCTCCTCCAAGCCGTT   
    
neb F1 ACAAGCGCAAGTGAACAGCAAGCA 111 yes 
neb R1 GACTGGAGTATGAAAGGAGAATCTGCTGGG   
    
ngly1 F1 GCGCTTGGAAGATAGAGTCTGTGTGT 103 unknown 
ngly1 R1 TTCCAACCAATTCTTGCCGACGTGGA   
    
nono F1 GGCAAAGCTGGCGAGATCTTCATTCA 109 yes 
nono R1 GAGGCAAGTTGTCAAGCTCAGCCTTT   
    
npffr2 F1 TCCAACTGCAGTCATGTCCCACGTTA 104 no 
npffr2 R1 GCCAGTCCTCACGGCACCAATAAATA   
    
peli1 F1 TGGTGGAGTACACTCACGACAAGGAT 121 yes 
peli1 R1 ATCTGCGTCTCTTCATTCTGGTTGCC   
    
pgc F1 TGCAGTCAAGGATGCCAGGGTATTGT 153 yes 
pgc R1 AGGCAGACTTGAGATGGAACCACAGT   
    
pglyrp1 F1 TGCATCACCCAGGTTAAGAACGTCCA 121 yes 
pglyrp1 R1 ATGTCCAGCCACGTCCTTCATACACA   
    
piF1 F1 AAGCTGCTTCTCACCGGCAATCAT 138 yes 
piF1 R1 ATCGTAACAACGACTGTCACCGGGTA   
    
pnlip F1 TCCATATGCCTGGATGTCCACAGA 112 yes 
pnlip R1 TACTTGATGGCGCGCAAGTGGTTA   
    
pou6F1 F1 ACCAGGCCCAGAATCTACAGACACAA 115 yes 
pou6F1 R1 AGGCGACACAAATGCAGCAGAAGACT   
    
prss8 F1 GGGCATGAAATGCAAAGTGACCGGAT 128 yes 
prss8 R1 TGTGATAGAGGCAGTTACAGGTCTGC   
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psmc6 F1 TTTGCTGCGTCCTGGAAGATTGGACA 100 yes 
psmc6 R1 TGTTATTGGGCCGGCGTGTATCTTCA   
    
psmd1 F1 TGAGAGCGCCAGCCAGCAATTTCTAT 127 yes 
psmd1 R1 TTCACTGTCCTTGGTAGCTGCTGGAA   
    
ptafr F1 AACTCAATCCATTCAGGCCAGGCAGA 150 no 
ptafr R1 TGCCACATTCTCAGGACAGTCAGAGT   
    
rasd1 F1 ACTTCCACCGCAAGTTCTACAGCATC 103 no 
rasd1 R1 ATTGAGAGTCTCCTCATGGCAGGGAA   
    
ric8a F1 ACATTAACGCCCGTCCTAAACCTGCT 141 yes 
ric8a R1 CTTATTGCGCAGCGTGTTACCCACTT   
    
sfxn5 F1 TATGCAAACCGCAATGCTACCAAGCC 110 yes 
sfxn5 R1 ACCAGAACGTTAAGGCCAACCGCTAT   
    
sgpp1 F1 CCGGCTTCCTTTACGCCATTCTCATT 121 no 
sgpp1 R1 ATGGCCAAGTGCAGGCTGATGATGA   
    
shisa7 F1 TGATAATGGGCTATCACGTCCACCCA 121 yes 
shisa7 R1 TGCTGAGTGCTTTGGACTGTTGACTG   
    
sox21 F1 TGCATCCTCCATCGGATATCCTCAGT 152 no 
sox21 R1 AACCGGTGCAGTTACACGGGATCAT   
    
ssg1 F1 TTCTCGTTGGCAAAGACGGCAATGTG 101 no 
ssg1 R1 CCGTCTGAGCTGCATGGAGTCAATTA   
    
taF15 F1 TATCAAAGTGTCCTTTGCCACCCGGA 139 yes 
taF15 R1 TCTATAAGAACCTCGACCACCACCGT   
    
tbc1d13 F1 TATGACCCTTTACCCAATGGCTGCGA 124 no 
tbc1d13 R1 TCGGCCCTACGATTTCATTCATGCCT   
    
tbx15 F1 ACCAGCTGTGCAACCTGAATCTTTCC 109 no 
tbx15 R1 TGCAGCCGGTTATATCCGTTGTCACT   
    
thrap3 F1 GCACAAGGATTCCAAACGTGACCACT 140 yes 
thrap3 R1 CACGCACTTTCCTGTGCTTCTTGTGT   
    
tmem147 F1 TTGGTTATGTCCAGGTGTCTGCCCTT 109 yes 
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tmem147 R1 TGTAGTGCACCAGGCTGATGTTGGAA   
    
trim63 F1 GCTGGACATGGAGCAAGTCATTCAGT 112 yes 
trim63 R1 AGGCCTGTCTTCCTCTGTCTCTTCAT   
    
ubn2 F1 ACCAAGTAGACTGTGAAGCACGCAAC 110 yes 
ubn2 R1 TTTGCCAGGCTTCTCGTCATCCTCTT   
    
ush2a F1 GCACAGTAAATGGTTTGCAGCCTCCT 103 yes 
ush2a R1 ATCCTGGTTTGGTGAACCTGCACACT   
    
wapal F1 AACGTCAAGTCCAAGAAGGACGCCAA 131 no 
wapal R1 TCGAAGCCGAAGTACTTGATGCGGTA   
    
zbtb46 F1 CACCAGTGCATCCTGAAGAGACACAT 132 yes 
zbtb46 R1 CTTGTCTTTGCTGTGAACCAGCGTGT   
    
zfr F1 TTCTGCGCGTTGGTGTACTCGCTAAA 151 yes 
zfr R1 TCGGGACTTATTACTGCCAGCTGCTT   
    
znf326 F1 ATGCCTGCATATCACGACAGTGCGTT 131 yes 
znf326 R1 ACAACTAAGCCAGGTCTGCGCATCAT   
    
znf451 F1 AACTGCGCTCTCACATGGACCTTACT 100 yes 
znf451 R1 GCTGCAACTTCAGCGATGCTCATTTC   
    
Candidates from sequence library   
    
a2m F1 TGTCAACGTGAGTTACACCGGCAAGA 111 unknown 
a2m R1 TTCGTCAGCTCTCTGACTGTGGGTTT   
    
actc1 F1 ACCTTCCAGCAGATGTGGATCAGCAA 108 unknown 
actc1 R1 ACAAGTTGAATGGCGTGATGGGTTGG   
    
aldoa F1 TGAAGGAACCCTGCTGAAACCCAACA 155 yes 
aldoa R1 TCTGACCTCCGGACAGGAAAGTGATT   
    
arhgdig F1 TGGATTTAACTGGGAACGTGACGGCT 118 unknown 
arhgdig R1 TCGCAGACCGGAGACAATTTCCTGTT   
    
atp2a1 F1 TCACCATCGAGATGTGCAACGCTCTT 121 unknown 
atp2a1 R1 AAGTGGAGGGACATAGAGAGGCAGAT   
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atp5g3 F1 ACCTGCACCCAAATTGTACTGAGGGA 96 no 
atp5g3 R1 CTGTGGCAGCACCAGCACCAATAAAT   
    
BC157756.1 
F1 
AAGAGGAGGAGGGTGAAGGTGAAACA 157 unknown 
BC157756.1 
R1 
TAGGCGGTTTCTTTCGCTTCTGTGGA   
    
btf3 F1 TTGTACACAGAACAGCCACTGCCGAT 152 yes 
btf3 R1 AGAGGCCTGCACTTTAGGGTTGTTGA   
    
c2orf82 F1 TCTGCTGCTGCTATTTGCTGGACTCT 136 yes 
c2orf82 R1 AGACGGTGTGGTTTCAATGGGTTCCA   
    
c3 F1 AATGCAAGTCGGACGCGATTACCTGA 156 yes 
c3 R1 TCACAAAGCTCCTGGTTCTCCGGATT   
    
cct8 F1 ACCGCAGCAGTGAAAGATATGCTGGA 95 unknown 
cct8 R1 GTGACTGCAGCATTGGTTGCCATCTT   
    
chchd1 F1 TGATGGCTTGTTGGAAGCAGAACACG 134 unknown 
chchd1 R1 TCTTCCTGCTTGCACTTCTCTGTGGA   
    
cox5a F1 TGTTGTCCTTCGGCGATGTGTCTCTT 157 yes 
cox5a R1 TGTCACCCAACGAGCATCAAACTCCT   
    
cryba4 F1 AGGGTCAGCAGTTTGTGCTGGAAAGA 128 unknown 
cryba4 R1 ACAGTCACGGTGATTAGCACAGGCAA   
    
crybb2 F1 ACCCTGGGTAGGATACGAACAGCAAA 132 unknown 
crybb2 R1 TTGATTGGTCTCAGGGAGGAGATGCT   
    
crybb3 F1 TGAGCCACAGAGTACTCCAGAGCAAA 134 unknown 
crybb3 R1 TCTGGCATTCACTGGTCAGCTCACAT   
    
ddx21 F1 CTCCAGCAGAAAGAACGTGAAGTCGT 152 unknown 
ddx21 R1 TAAGCATCTGCTTCCTTTGGTGCGGA   
    
des1 F1 TGACCTCAATCAAGCCGCTCAGAAGA 115 no 
des1 R1 TTTGAGAGCGTCAATCTCGCAGGTGT   
    
eeF1b2 F1 AAGCTGACGTTGCTGTATTCGAGGCT 148 unknown 
eeF1b2 R1 GGGCCATATTTGCCCAAAGGCTTCTT   
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eif3b F1 TCACCCGCGACCTTGAATGGACAATA 102 unknown 
eif3b R1 GTTAAACAGCCGTGCCCTTTGGGAAA   
    
eif3c F1 TAGGAGAAAGGCAGCCATTGCTAGGT 148 yes 
eif3c R1 AACAGGTCCCACACTTTCCCGTTCAT   
    
eif3l F1 TGCTACGTATGCAGAAAGGCGATGCT 137 unknown 
eif3l R1 TTGCTGCAGGTAAGGTTCCTTGTGGT   
    
eno3 F1 AACCTGAAGGGCGTCATAAAGGCCAA 113 unknown 
eno3 R1 TTCAGGAGCTCCAGGGCTTCATTGTT   
    
gnb2l1 F1 TGGACAGTTTGCCTTGTCTGGTTCCT 107 yes 
gnb2l1 R1 TCAGGACATCCTTGGTGTGACCAACA   
    
got2 F1 TTCATGCCTGTGCTCACAATCCCACT 158 yes 
got2 R1 AACAGCCCATGCATCTCTGTCTGTGT   
    
gpm6a F1 AACGTCTTTCTCCTATGACCCAGAACTAC 120 unknown 
gpm6a R1 GCATTCATATAGAGCATTCCGGAGGCA   
    
hsp90ab1 F1 AAGCTGGGCTTGGGTATTGATGACGA 100 unknown 
hsp90ab1 R1 ACGCATCCTCTTCTCCTTCAAGAGGT   
    
itgb1bp3 F1 TACCGAACTGCTGCGTTGTACACCAA 121 unknown 
itgb1bp3 R1 TCCAGCATAGCTTCCATATCCAGTGC   
    
krt5.2 F1 TCACCAGGTGCAAATTTGAAGGCTCC 155 yes 
krt5.2 R1 GCAGGGTGCACTTTAGACCATTTGTCA   
    
krt12 F1 ACAGGTGCAGACAAGCAAGACCGAAA 130 yes 
krt12 R1 TCTGCATTCTGTCTCGCCAAGAGTGT   
    
krt19 F1 TCTCAGCTCAGCATGAAAGCGTCACT 114 yes 
krt19 R1 AAGCTGTGACTCCAGGCTGCCTATTA   
    
mdh2 F1 ATGATATTGCCCACACACCAGGCGTA 110 unknown 
mdh2 R1 ACCTTTCAGACTCTCTGGCAGCTGAT   
    
mug1 F1 ATGCTGTCTGGCTTTATCCCGGTGAA 119 unknown 
mug1 R1 TGTCCCAGCTCATCCAAATACAGGGT   
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mrF1 F1 ACAAGTGTTTGGAATACCGCTGGTGC 155 yes 
mrF1 R1 ATGCTGCTCTCAACTCTGGCACACAA   
    
myh2 F1 AGAGGCAGTGAAGGGAGTTCGCAAAT 109 unknown 
myh2 R1 TTTGTCCACCAGATCTTGCAGCCTCA   
    
myh8 F1 ACAGCTTCTGCACTCACAGAACACCA 148 unknown 
myh8 R1 AGCGTCTGTGATGGCCTTCTTAGCTT   
    
myl1 F1 TGACAAGGAAGGCAACGGCACTGTTA 128 yes 
myl1 R1 TGCAGCCATTGGAATCTTCCTGACCT   
    
mylpf F1 TCAACGTGAAGAACGAGGAGCTGGAA 145 unknown 
mylpf R1 TCAAGCACCTTAAACGCTCCGGTGAT   
    
ndufab1 F1 AAGCTGATGACACCGCAGGAGATTGT 106 unknown 
ndufab1 R1 ACCTGGAGACAAAGAGGGTCAGTGAA   
    
nsa2 F1 ACCAATGGGCTTGCGCTTCAAGAAAG 143 yes 
nsa2 R1 TGACTGTACCCTTTGTGATGACGCCT   
    
pm20d2 F1 GAAATGTGAGCTTTGCGGTTCCTGGT 136 yes 
pm20d2 R1 AGCTTTCGCTGTGCGAAGCGCATAAA   
    
ptprs F1 AGGGATGAACCAGACAGTTCTCCTGT 91 unknown 
ptprs R1 TGGTAAGGTCAAGCTGTCAGTTGGTTGG   
    
rbp1 F1 TGCATGACCACAGTCAACTGGGAAGA 137 yes 
rbp1 R1 TTGCATACAACGTCTCCAACCCGCAT   
    
reep5 F1 AGATGGACCGCTTGGTGAAGGACATT 106 yes 
reep5 R1 TTCTCGTCACCCAGAAGGTTCACAGT   
    
rho F1 AGGATCCGCTGCCTCATACAGTTCAA 145 unknown 
rho R1 ATTCCAGCAGCGAAGGGCTCAATACA   
    
serbp1 F1 TTCTCTGTGGACAGACCCATGGTTGA 112 yes 
serbp1 R1 AGTCAAAGCCATCTCCTCTGCCCAAT   
    
slc3a2 F1 AAGCGCCTGAGTGAACTACGTGGAAA 111 unknown 
slc3a2 R1 TCATTCTGGTCCCAACTACGCAGGAA   
    
slc25a3 F1 TTGCTTTGAACGCACAGTTGAAGCCC 147 unknown 
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slc25a3 R1 TCAGCAGGATGAGAAACGATGGCACA   
    
tf F1 ATCTTGCAGAAGTCCCAGCTCATGCT 99 yes 
tf R1 CCGGTCCATACAGTTCCTGCTGATTA   
    
tmsb4 F1 ACACAGAAGGTGCTGCCTTTCCATCT 132 unknown 
tmsb4 R1 CACTCAGCACCGCATGTTACTGAATC   
    
tnnc2 F1 ATGATGGTGCGCCAGATGAAAGAGGA 108 unknown 
tnnc2 R1 TTCACCGTCAATGTACCCGTCAGCAT   
    
tnni2 F1 TTGATGCTCCAGGTTGCAAAGGATGC 137 yes 
tnni2 R1 TTGCACAATTCCTGGAGGTCCGTCAT   
    
tnnt3 F1 AAACAGACAGCCCGTGAGCAGAAGAA 109 yes 
tnnt3 R1 ACAGCTCCTTGGCCTTATCCCTGATT   
    
tpm1 F1 AAGGGAGCAGAGGACAAGAGCAAACA 135 unknown 
tpm1 R1 TGCAAGTTCCAACTTCTCCTGGGCAT   
    
tpt1 F1 AACTTGATGAAAGCCATCCCGACCGT 147 yes 
tpt1 R1 AATCCAACAGACACACCATGCCCTCT   
    
ttn F1 TGAAGGCCGCTGGCATTACATGACTA 114 unknown 
ttn R1 AATTCAGCTGTGCTTGTTGCTTCGCC   
    
ybx1 F1 ATTTCAACTACAGACGCAGACGCCCA 95 unknown 
ybx1 R1 AGCGGACGTGTTCTCAGCTGATGTTT   
    
Candidates from other sources   
foxn3 F1 TACGAATTTGCAGCCAAAGTCTGCCG 123 unknown 
foxn3 R1 CAGCGAATCCTTGGCTTCCTTCTTGA   
    
pitx2 F1 TTGACCTCAGCCTCTCTCTCCACAAA 95 no 
pitx2 R1 TTGGGAGAGGAGAACATGCTCTGTGA   	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Table A.2. Fold changes and gene annotations for probesets with significant differential 
expression on the microarrays. Fold change is relative to omnivores and is log2 of 
difference between group means. 
Probe ID Fold 
Change 
Annotation 
StrEns.8571.1.S1_a_at -1 Xenopus (Silurana) tropicalis chromodomain helicase 
DNA binding protein 3 (chd3) 
Str.26142.1.A1_at -1 Xenopus (Silurana) tropicalis eukaryotic translation 
termination factor 1 (etf1) 
StrEns.8248.1.S1_s_at -1.01 Xenopus (Silurana) tropicalis serine/threonine-
protein kinase D3-like 
Str.7294.2.S1_at -1.02 Xenopus (Silurana) tropicalis general vesicular 
transport factor p115-like 
Str.39415.1.S1_at -1.03 Xenopus (Silurana) tropicalis hypothetical protein 
LOC100487045  
StrEns.6398.1.S1_at -1.03 Xenopus (Silurana) tropicalis tyrosine-protein kinase 
FRK-like (frk) 
Str.26730.1.A1_at -1.03 Xenopus (Silurana) tropicalis nicotinamide 
nucleotide adenylyltransferase 1 (nmnat1) 
StrEns.6775.1.S1_at -1.04 Xenopus (Silurana) tropicalis protein kinase C delta 
type-like 
Str.5476.2.S1_at -1.04 Xenopus (Silurana) tropicalis hypothetical protein 
LOC100490181 (LOC100490181) 
Str.753.1.S1_at -1.04 Xenopus (Silurana) tropicalis cleft lip and palate 
transmembrane protein 1 (clptm1) 
Str.46751.1.A1_at -1.04 Xenopus (Silurana) tropicalis septin 9, transcript 
variant 2 (sept9) 
Str.36609.2.A1_a_at -1.06 Xenopus (Silurana) tropicalis killer cell lectin-like 
receptor subfamily G member 2-like 
Str.1674.1.S1_at -1.06 Xenopus (Silurana) tropicalis golgi to ER traffic 
protein 4 homolog (S. cerevisiae) (get4) 
Str.11580.1.A1_at -1.07 Xenopus (Silurana) tropicalis keratin 8 (krt8) 
Str.32412.1.S2_at -1.07 Xenopus (Silurana) tropicalis HIV-1 Tat specific 
factor 1 (htatsf1) 
Str.30338.1.A1_s_at -1.07 Xenopus (Silurana) tropicalis extended 
synaptotagmin-like protein 2 (esyt2) 
Str.8171.4.S1_at -1.07 Xenopus (Silurana) tropicalis SAP30 binding protein, 
transcript variant 2 (sap30bp) 
Str.37729.2.S1_s_at -1.07 Xenopus (Silurana) tropicalis zinc finger FYVE 
domain-containing protein 26-like 
Str.4076.1.S1_at -1.07 Xenopus (Silurana) tropicalis de-etiolated homolog 1 
(det1) 
Str.36723.2.S1_a_at -1.07 Xenopus (Silurana) tropicalis chromosome 6 open 
reading frame 97 (c6orf97) 
StrJgi.48.1.S1_s_at -1.08 Xenopus (Silurana) tropicalis sulfotransferase family 
Str.33224.1.S1_at -1.08 Xenopus (Silurana) tropicalis glia maturation factor, 
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gamma (gmfg) 
StrEns.1269.1.S1_s_at -1.09 Xenopus (Silurana) tropicalis A disintegrin and 
metalloproteinase with thrombospondin motifs 20-
like 
Str.12364.1.S2_at -1.09 Xenopus (Silurana) tropicalis protein phosphatase 3, 
regulatory subunit B, alpha (ppp3r1) 
Str.48845.1.S1_at -1.09 Xenopus (Silurana) tropicalis A kinase (PRKA) 
anchor protein 2 (akap2)  
StrEns.9592.1.S1_x_at -1.09 Xenopus (Silurana) tropicalis hypothetical 
LOC100485953 
Str.47609.1.A1_at -1.1 Xenopus (Silurana) tropicalis protein phosphatase 1, 
regulatory (inhibitor) subunit 14C (ppp1r14c) 
StrJgi.6406.1.S1_at -1.1 Xenopus (Silurana) tropicalis olfactory receptor 
52D1-like 
StrJgi.4850.1.S1_at -1.1 Xenopus (Silurana) tropicalis protocadherin gamma-
B1-like 
Str.19895.1.S1_at -1.1 Xenopus (Silurana) tropicalis PDZ and LIM domain 
4 (pdlim4) 
Str.27737.1.S1_at -1.1 Xenopus (Silurana) tropicalis collectin sub-family 
member 10 (C-type lectin) (colec10) 
Str.24880.1.S1_at -1.11 Xenopus (Silurana) tropicalis lin-7 homolog A 
(lin7a) 
Str.40941.1.S1_at -1.11 Xenopus laevis hypothetical protein LOC100037231 
Str.46925.1.A1_at -1.12 Xenopus (Silurana) tropicalis SWI/SNF related, 
matrix associated, actin dependent regulator of 
chromatin, subfamily e, member 1 (smarce1) 
Str.21145.1.A1_at -1.12 Xenopus (Silurana) tropicalis solute carrier family 
44, member 5 (slc44a5) 
Str.10220.2.S1_at -1.12 Xenopus (Silurana) tropicalis hypothetical protein 
LOC100485840 
StrEns.4388.1.S1_x_at -1.12 Pongo abelii deleted in malignant brain tumors 1 
protein-like 
StrJgi.609.1.S1_at -1.12 Xenopus (Silurana) tropicalis myosin-IXb-like 
StrEns.8808.1.S1_at -1.13 Xenopus (Silurana) tropicalis vomeronasal type-2 
receptor 26-like 
Str.52174.1.S1_at -1.13 Xenopus (Silurana) tropicalis hypothetical protein 
LOC100493268 
StrEns.12656.1.S1_at -1.13 Xenopus (Silurana) tropicalis glycine betaine 
transport ATP-binding protein opuAA-like 
Str.2247.1.S1_at -1.13 Xenopus (Silurana) tropicalis RAB34, member RAS 
oncogene family (rab34) 
StrEns.5634.1.S1_at -1.14 Xenopus (Silurana) tropicalis vomeronasal type-2 
receptor 26-like 
StrJgi.6401.1.S1_at -1.14 Xenopus (Silurana) tropicalis olfactory receptor 
52A1-like 
StrJgi.2766.1.S1_at -1.15 Xenopus (Silurana) tropicalis ST8 alpha-N-acetyl-
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neuraminide alpha-2,8-sialyltransferase 5 (st8sia5) 
Str.349.1.S1_x_at -1.15 Xenopus (Silurana) tropicalis histone H2A type 1-
like 
Str.25310.1.A1_at -1.15 Xenopus (Silurana) tropicalis carnitine 
palmitoyltransferase 1A (liver) (cpt1a) 
Str.21157.1.S1_s_at -1.15 Xenopus (Silurana) tropicalis zinc finger protein 451-
like (znf451) 
StrAffx.251.1.S1_s_at -1.16 Xenopus (Silurana) tropicalis Fas (TNFRSF6) 
associated factor 1 (faf1) 
StrJgi.5369.1.S1_at -1.17 Xenopus (Silurana) tropicalis spindle and 
kinetochore associated complex subunit 3 (ska3) 
Str.45466.1.A1_at -1.18 Xenopus (Silurana) tropicalis cold inducible RNA 
binding protein (cirbp) 
Str.11805.1.S1_at -1.19 Xenopus (Silurana) tropicalis kininogen 1 (kng1) 
StrEns.11342.1.S1_a_at -1.2 Xenopus (Silurana) tropicalis protein rdxA-like 
StrJgi.1254.1.S1_at -1.2 Xenopus (Silurana) tropicalis alpha-tectorin-like 
Str.27006.1.S1_at -1.2 Xenopus (Silurana) tropicalis chromosome 1 open 
reading frame 74 (c1orf74) 
Str.8205.2.A1_at -1.2 Xenopus (Silurana) tropicalis septin 6 (sept6) 
Str.46067.1.A1_at -1.2 Xenopus tropicalis hypothetical protein LOC548742 
Str.41335.1.S1_s_at -1.21 Xenopus tropicalis v-myb myeloblastosis viral 
oncogene homolog 
Str.1225.1.S1_at -1.21 Xenopus (Silurana) tropicalis hypothetical 
LOC100490076 
StrEns.6860.1.S1_a_at -1.21 Xenopus (Silurana) tropicalis latent-transforming 
growth factor beta-binding protein 4-like 
(LOC100488208), mRNA (ltbp4) 
Str.38406.1.S1_at -1.22 Xenopus (Silurana) tropicalis pregnancy up-regulated 
non-ubiquitously expressed CaM kinase (pnck)  
StrEns.5862.1.S1_a_at -1.22 Xenopus (Silurana) tropicalis neurobeachin-like 
protein 2-like (nbeal2) 
Str.9830.1.S1_at -1.23 Xenopus (Silurana) tropicalis armadillo repeat 
containing 6 (armc6) 
Str.47609.1.A1_x_at -1.23 Xenopus (Silurana) tropicalis protein phosphatase 1, 
regulatory (inhibitor) subunit 14C (ppp1r14c) 
StrEns.9065.1.S1_at -1.23 Xenopus (Silurana) tropicalis polyserase-2-like 
Str.44077.1.A1_at -1.24 Xenopus (Silurana) tropicalis eukaryotic translation 
elongation factor 1 alpha 1 (eef1a1) 
Str.52159.1.A1_at -1.25 Xenopus (Silurana) tropicalis ribosomal protein L34 
(rpl34) 
StrEns.3296.1.S1_s_at -1.25 Xenopus (Silurana) tropicalis neurotrophic tyrosine 
kinase, receptor, type 2 (ntrk2) 
Str.12227.1.S1_at -1.25 Xenopus (Silurana) tropicalis sulfotransferase family, 
cytosolic, 2B, member 1 (sult2b1) 
Str.44150.1.A1_at -1.25 Xenopus (Silurana) tropicalis chromosome 20 open 
reading frame 43 (c20orf43) 
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Str.10786.1.S1_at -1.26 Xenopus (Silurana) tropicalis polypeptide N-
acetylgalactosaminyltransferase 6-like (galntl6) 
Str.29935.1.A1_x_at -1.26 Xenopus (Silurana) tropicalis myoneurin-like 
(LOC100492148) 
Str.51302.3.S1_a_at -1.26 Xenopus (Silurana) tropicalis 2-oxoglutarate 
dehydrogenase-like, mitochondrial-like 
StrEns.1401.1.S1_at -1.26 Xenopus (Silurana) tropicalis dixin-like 
StrJgi.900.1.S1_s_at -1.26 Xenopus (Silurana) tropicalis cadherin-18-like 
(cdh18) 
Str.27529.1.S1_at -1.28 Xenopus tropicalis family with sequence similarity 
49, member A (fam49a) 
Str.41478.1.A1_at -1.28 Xenopus (Silurana) tropicalis nucleotide binding 
protein 2 (MinD homolog) (nubp2) 
Str.27554.1.S1_at -1.29 Xenopus (Silurana) tropicalis TBC1 domain family, 
member 20, gene 1 (tbc1d20.1) 
Str.50970.1.S1_at -1.29 Xenopus (Silurana) tropicalis hypothetical protein 
LOC100127860 
StrJgi.4869.1.S1_at -1.32 Xenopus (Silurana) tropicalis syncoilin-like (sync) 
StrJgi.7892.1.S1_at -1.33 Xenopus laevis xolloid or Xenopus laevis tolloid-like 
2 (tll2) 
StrEns.10745.1.S1_a_at -1.33 Xenopus (Silurana) tropicalis hypothetical protein 
LOC100170502 
Str.34393.1.A1_at -1.33 Xenopus (Silurana) tropicalis hypothetical protein 
LOC100495124 
Str.20844.1.S1_at -1.35 Xenopus (Silurana) tropicalis hypothetical protein 
LOC100487568 
Str.6137.1.S1_at -1.36 Xenopus (Silurana) tropicalis zinc finger protein 326 
(znf326) 
StrJgi.8691.1.S1_at -1.37 Xenopus (Silurana) tropicalis hypothetical protein 
LOC100497820 
Str.4731.2.A1_at -1.39 Xenopus laevis DnaJ (Hsp40) homolog, subfamily C, 
member 3 (dnajc3) 
Str.28858.1.S1_at -1.4 Xenopus (Silurana) tropicalis hypothetical protein 
LOC100492197 
StrEns.5268.1.S1_a_at -1.4 Xenopus (Silurana) tropicalis e3 ubiquitin/ISG15 
ligase TRIM25-like 
Str.35218.1.A1_at -1.4 Xenopus (Silurana) tropicalis histone H2A type 1-
like 
Str.47614.1.A1_at -1.4 Xenopus (Silurana) tropicalis cyclin B1 (ccnb1.2) 
Str.17695.1.S1_at -1.41 Xenopus (Silurana) tropicalis kazrin (kaz) 
Str.37280.1.S1_at -1.41 Xenopus (Silurana) tropicalis cAMP-dependent 
protein kinase inhibitor beta-like 
Str.24388.1.A1_at -1.42 Xenopus (Silurana) tropicalis rho GTPase-activating 
protein 12-like 
StrEns.1108.1.S1_at -1.42 Xenopus (Silurana) tropicalis peptidoglycan 
recognition protein 1 (pglyrp1) 
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Str.51193.1.S1_at -1.45 Xenopus (Silurana) tropicalis kinesin-like protein 
KIF27-like 
Str.40835.1.S1_at -1.45 Xenopus (Silurana) tropicalis hypothetical protein 
LOC100492854 
StrJgi.1046.1.S1_at -1.46 Xenopus (Silurana) tropicalis tensin-3-like (tns3) 
StrJgi.1638.1.S1_at -1.46 Xenopus (Silurana) tropicalis homeobox protein 
ARX-like (arx) 
StrEns.7567.1.S1_at -1.48 Xenopus (Silurana) tropicalis family with sequence 
similarity 73, member A (fam73a) 
Str.37121.1.A1_at -1.48 Xenopus (Silurana) tropicalis RING finger protein 
103-like (rnf103) 
StrEns.919.1.S1_at -1.5 Xenopus (Silurana) tropicalis netrin-3-like 
Str.28262.1.S1_at -1.52 Xenopus (Silurana) tropicalis F-box and leucine-rich 
repeat protein 12 (fbxl12) 
Str.15219.1.S1_at -1.52 Xenopus (Silurana) tropicalis calcium binding 
protein 39-like (cab39l) 
Str.47031.1.A1_at -1.52 Xenopus (Silurana) tropicalis sodium/calcium 
exchanger 3-like, transcript variant 7  
StrEns.7287.1.S1_s_at -1.52 Xenopus (Silurana) tropicalis chromosome 1 open 
reading frame 35 (c1orf35) 
Str.4919.1.A1_x_at -1.54 Xenopus (Silurana) tropicalis proteasome (prosome, 
macropain) 26S subunit, non-ATPase, 1 (psmd1) 
Str.40492.1.A1_at -1.55 Xenopus (Silurana) tropicalis taspase, threonine 
aspartase, 1 (tasp1) 
StrJgi.4506.1.S1_at -1.56 Xenopus (Silurana) tropicalis secreted frizzled-
related protein 4-like (SFRP4) 
Str.10177.1.S1_s_at -1.57 Xenopus (Silurana) tropicalis golgi membrane 
protein 1 (golm1) 
StrJgi.303.1.S1_at -1.59 Xenopus (Silurana) tropicalis poly(rC)-binding 
protein 3-like (PCBP3) 
Str.5254.1.A1_at -1.6 Xenopus (Silurana) tropicalis proteasome (prosome, 
macropain) 26S subunit, ATPase, 6 (psmc6) 
Str.42610.1.A1_at -1.61 Xenopus (Silurana) tropicalis neuropeptide FF 
receptor 2-like (NPFFR2) 
Str.7507.1.S1_at -1.61 Xenopus (Silurana) tropicalis histone H4-like 
Str.5278.1.A1_at -1.61 Xenopus (Silurana) tropicalis resistance to inhibitors 
of cholinesterase 8 homolog A (ric8a) 
Str.31014.1.A1_x_at -1.62 Xenopus (Silurana) tropicalis muscleblind-like 2 
(mbnl2) 
Str.44605.1.A1_at -1.62 Xenopus (Silurana) tropicalis G kinase anchoring 
protein 1 (gkap1) 
Str.28673.1.A1_at -1.62 Xenopus (Silurana) tropicalis ankyrin 1, erythrocytic 
(ank1) 
StrEns.795.1.S1_x_at -1.63 Xenopus (Silurana) tropicalis olfactory receptor 5G3-
like 
Str.12593.2.A1_at -1.63 Xenopus (Silurana) tropicalis phosphoprotein 
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enriched in astrocytes 15 (pea15) 
StrJgi.2525.1.S1_at -1.64 Xenopus (Silurana) tropicalis vomeronasal type-2 
receptor 26-like 
StrJgi.3726.1.S1_at -1.64 Xenopus (Silurana) tropicalis carbohydrate 
sulfotransferase 5-like 
Str.48927.1.A1_at -1.64 Xenopus (Silurana) tropicalis hypothetical 
LOC100488321 
Str.43789.1.A1_x_at -1.65 Xenopus (Silurana) tropicalis e3 ubiquitin-protein 
ligase NRDP1-like, transcript variant 2 
Str.33387.1.A1_at -1.67 Xenopus (Silurana) tropicalis myosin, light chain 3, 
alkali; ventricular, skeletal, slow (myl3) 
Str.33387.1.A1_x_at -1.49 Xenopus (Silurana) tropicalis myosin, light chain 3, 
alkali; ventricular, skeletal, slow (myl3) 
StrJgi.5212.1.S1_at -1.69 Xenopus (Silurana) tropicalis hypothetical protein 
LOC100492190 
StrEns.11919.1.S1_at -1.7 Xenopus (Silurana) tropicalis probable rhizopine 
catabolism regulatory protein mocR-like 
StrEns.8710.1.S1_at -1.7 Xenopus (Silurana) tropicalis hypothetical protein 
LOC100125055 
Str.11954.1.S1_at -1.71 Xenopus (Silurana) tropicalis steroid sensitive gene 1 
(ssg1) 
Str.18717.1.A1_a_at -1.71 Xenopus (Silurana) tropicalis peptide-N(4)-(N-
acetyl-beta-glucosaminyl)asparagine amidase-like 
(ngly1) 
Str.38903.1.A1_at -1.73 Xenopus (Silurana) tropicalis myosin-6-like (myo6) 
Str.3470.1.S1_at -1.74 DEAD (Asp-Glu-Ala-Asp) box polypeptide 1 (ddx1) 
StrJgi.7307.1.S1_s_at -1.74 Xenopus (Silurana) tropicalis olfactory receptor 5V1-
like 
StrEns.795.1.S1_at -1.76 Xenopus (Silurana) tropicalis olfactory receptor 5G3-
like 
StrEns.4963.1.S1_s_at -1.77 nebulin-like (NEB) 
StrEns.7588.1.S1_at -1.79 Xenopus (Silurana) tropicalis prostasin-like (prss8) 
StrJgi.1952.1.S1_s_at -1.8 Xenopus (Silurana) tropicalis family with sequence 
similarity 131, member A (fam131a) 
StrJgi.8676.1.S1_at -1.87 Equus caballus similar to Epoxide hydrolase 1 
(Microsomal epoxide hydrolase) (Epoxide hydratase) 
(Eph1) 
Str.7375.1.S1_at -1.91 Xenopus (Silurana) tropicalis zona pellucida protein 
D (zpd) 
StrEns.5821.1.S1_a_at -1.94 Xenopus (Silurana) tropicalis SH3 domain-
containing RING finger protein 3-like (sf3rf3) 
Str.38822.1.A1_at -1.94 Xenopus (Silurana) tropicalis hypothetical protein 
LOC100497422 
Str.44986.1.A1_at -1.96 Xenopus (Silurana) tropicalis cyclin A1 (ccna1) 
StrJgi.1016.1.S1_at -2.02 Xenopus (Silurana) tropicalis probable G-protein 
coupled receptor 148-like (gpr148) 
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Str.10073.1.S1_at -2.1 Xenopus (Silurana) tropicalis homeobox A1 (hoxA1) 
StrEns.3664.1.S1_at -2.1 Xenopus (Silurana) tropicalis macrophage 
asialoglycoprotein-binding protein 1-like 
Str.51394.1.A1_at -2.15 Xenopus (Silurana) tropicalis lysozyme C-like (lyzc) 
Str.3197.1.S1_at -2.15 Xenopus (Silurana) tropicalis ubinuclein 2 (ubn2) 
Str.6147.1.S1_at -2.16 Xenopus (Silurana) tropicalis cell division cycle 42 
(GTP binding protein, 25kDa) (cdc42) 
Str.51404.1.A1_at -2.29 Xenopus (Silurana) tropicalis methyl-CpG binding 
domain protein 2 (mbd2) 
Str.16677.1.S1_at -2.32 Xenopus (Silurana) tropicalis chromosome 19 open 
reading frame 44, transcript variant 2 (c19orf44) 
Str.50915.1.S1_at -2.47 Xenopus (Silurana) tropicalis chromosome 9 open 
reading frame 23 
Str.26761.1.S1_at -2.48 Xenopus (Silurana) tropicalis glycosyltransferase-
like domain containing 1 (gtdc1) 
Str.41997.2.S1_at -2.51 Xenopus (Silurana) tropicalis carbonic anhydrase 14-
like 
StrEns.2904.1.S1_a_at -2.64 Xenopus (Silurana) tropicalis tubulin monoglycylase 
TTLL3-like 
Str.24421.1.S1_at -2.81 Xenopus (Silurana) tropicalis ankyrin repeat domain 
60, transcript variant 3 (ankrd60) 
StrJgi.1611.1.S1_a_at -2.99 Xenopus (Silurana) tropicalis TAF15 RNA 
polymerase II, TATA box binding protein (TBP)-
associated factor, 68kDa (taf15) 
Str.2693.1.S2_at -3.06 Xenopus (Silurana) tropicalis diacylglycerol O-
acyltransferase 2 (dgat2) 
Str.48087.1.A1_at -3.4 Xenopus (Silurana) tropicalis hypothetical protein 
LOC100487503 
Str.1008.1.S2_at -3.65 Xenopus (Silurana) tropicalis wings apart-like 
homolog (wapal) 
Str.870.1.S1_at -3.67 Xenopus (Silurana) tropicalis amylase, alpha 2A 
(pancreatic) (amy2a) 
StrAffx.156.1.S1_at -3.72 Xenopus (Silurana) tropicalis chromosome 20 open 
reading frame 108 (c20orf108) 
Str.5815.1.S1_at -4.1 Xenopus (Silurana) tropicalis cold shock domain 
protein A (csda) 
StrEns.10092.1.S1_s_at -4.64 Xenopus (Silurana) tropicalis pancreatic 
triacylglycerol lipase-like (pnlip) 
StrEns.10093.1.S1_at -3.39 Xenopus (Silurana) tropicalis pancreatic 
triacylglycerol lipase-like (pnlip) 
Str.1231.1.S1_at 1 PIF1 5'-to-3' DNA helicase homolog (pif1) 
Str.4753.1.S1_at 1.01 Xenopus (Silurana) tropicalis interferon regulatory 
factor 1 (irf1) 
Str.7340.3.A1_a_at 1.01 Xenopus (Silurana) tropicalis bicaudal D homolog 2 
(bicd2) 
Str.43548.1.A1_at 1.03 Xenopus laevis growth arrest-specific 8 (gas8) 
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Str.5997.1.S1_at 1.03 Xenopus (Silurana) tropicalis non-POU domain 
containing, octamer-binding (nono) 
Str.45060.1.A1_at 1.03 Xenopus (Silurana) tropicalis family with sequence 
similarity 171, member A1 (fam171a1) 
StrEns.1377.1.S1_a_at 1.04 Xenopus (Silurana) tropicalis b-cell CLL/lymphoma 
9-like protein-like (bcl9l) 
Str.3146.1.S1_at 1.05 Xenopus (Silurana) tropicalis cyclin I (ccni) 
StrJgi.4241.1.S1_at 1.05 Xenopus (Silurana) tropicalis basement membrane-
specific heparan sulfate proteoglycan core protein-
like 
Str.20209.1.A1_at 1.07 Xenopus (Silurana) tropicalis hypothetical 
LOC100495205 
Str.21753.1.A1_at 1.07 Xenopus (Silurana) tropicalis ELMO/CED-12 
domain containing 1 (elmod1) 
Str.11817.1.S1_at 1.07 Xenopus (Silurana) tropicalis tetraspanin 4 (tspan4) 
Str.22349.1.A1_at 1.08 Xenopus (Silurana) tropicalis anthrax toxin receptor 
1-like (antxr1) 
Str.40581.2.S1_a_at 1.08 Xenopus laevis ATPase type 13A4 (atp13a4) 
Str.38796.2.A1_a_at 1.1 Xenopus (Silurana) tropicalis heparanase (hpse) 
Str.34440.2.A1_x_at 1.11 Xenopus (Silurana) tropicalis REC8 homolog (rec8) 
Str.10681.1.S1_at 1.12 Xenopus tropicalis eukaryotic translation initiation 
factor 3, subunit 1 alpha 
Str.3299.1.S1_at 1.12 Xenopus (Silurana) tropicalis tapasin-like 
(LOC100493307) 
Str.19930.2.A1_at 1.13 Xenopus (Silurana) tropicalis cyclin G associated 
kinase (gak) 
Str.33573.1.S1_at 1.13 Xenopus (Silurana) tropicalis zymogen granule 
protein 16 homolog (zg16) 
StrJgi.1789.1.S1_at 1.13 Xenopus (Silurana) tropicalis homeobox protein 
BarH-like 2-like (barx2) 
Str.22906.1.S1_at 1.14 Xenopus (Silurana) tropicalis collagen alpha-1(IX) 
chain (col9a1) 
Str.10695.1.S1_a_at 1.14 Xenopus (Silurana) tropicalis transmembrane protein 
147 (tmem147) 
StrEns.68.1.S1_a_at 1.15 Xenopus (Silurana) tropicalis growth/differentiation 
factor 8-like (gdf8) 
Str.37805.1.A1_at 1.15 Xenopus (Silurana) tropicalis acid phosphatase 6, 
lysophosphatidic (acp6)  
Str.4527.1.S1_at 1.15 Xenopus (Silurana) tropicalis sorting nexin 3 (snx3) 
Str.63.1.S1_at 1.16 Xenopus (Silurana) tropicalis hippocalcin-like 1 
(hpcal1) 
Str.3846.1.S1_at 1.16 Xenopus (Silurana) tropicalis NADH dehydrogenase 
(ubiquinone) Fe-S protein 2, 49kDa (NADH-
coenzyme Q reductase) (ndufs2) 
StrJgi.3544.1.S1_at 1.17 Xenopus (Silurana) tropicalis olfactory receptor 2B2-
like 
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Str.7571.3.A1_at 1.17 Xenopus (Silurana) tropicalis hypothetical 
LOC100491481 
StrJgi.5861.1.S1_at 1.17 Xenopus (Silurana) tropicalis scavenger receptor 
class A member 5-like (SCARA5) 
StrEns.7258.1.S1_at 1.18 ATP-binding cassette, sub-family C member 4 
(ABCC4) 
Str.29346.1.S1_at 1.19 Xenopus (Silurana) tropicalis collagen, type XI, 
alpha 1 (col11a1) 
Str.1263.1.S1_at 1.19 Xenopus (Silurana) tropicalis spermatogenesis 
associated 2 (spata2) 
Str.50722.5.S1_at 1.19 Xenopus (Silurana) tropicalis carboxypeptidase Z 
(cpz) 
Str.3024.1.S1_at 1.19 Xenopus (Silurana) tropicalis pellino homolog 1 
(peli1) 
Str.4744.1.S1_at 1.19 Xenopus (Silurana) tropicalis dual specificity 
phosphatase 5 (dusp5) 
StrEns.6742.1.S1_a_at 1.2 Xenopus (Silurana) tropicalis collagen alpha-2(XI) 
chain-like (col11a2) 
Str.4439.1.S1_at 1.21 Xenopus (Silurana) tropicalis protein kinase C 
substrate 80K-H (prkcsh) 
StrEns.2956.1.S1_s_at 1.21 Xenopus (Silurana) tropicalis AF4/FMR2 family 
member 2-like (aff2) 
Str.5902.1.S2_at 1.21 Xenopus (Silurana) tropicalis fascin homolog 1, 
actin-bundling protein (fscn1) 
StrJgi.2003.1.S1_at 1.22 Xenopus (Silurana) tropicalis collagen, type V, alpha 
1 (col5a1) 
Str.6051.1.S1_at 1.24 KTI12 homolog, chromatin associated (kti12) 
Str.51772.1.S1_at 1.25 Xenopus (Silurana) tropicalis sphingosine-1-
phosphate phosphatase 1 (sgpp1)  
Str.42133.4.A1_at 1.27 Xenopus (Silurana) tropicalis excision repair cross-
complementing rodent repair deficiency, 
complementation group 3 (ercc3) 
Str.6034.2.A1_a_at 1.28 Xenopus (Silurana) tropicalis septin 10 (sept10) 
Str.4364.1.S1_at 1.28 Xenopus (Silurana) tropicalis claudin domain 
containing 1 (cldnd1) 
Str.24754.1.S1_at 1.3 Xenopus (Silurana) tropicalis sideroflexin 5 (sfxn5) 
StrJgi.8450.1.S1_at 1.31 Xenopus (Silurana) tropicalis protein bicaudal D 
homolog 1-like (bicd1) 
StrEns.329.1.S1_at 1.31 Xenopus (Silurana) tropicalis roundabout, axon 
guidance receptor, homolog 1 (robo1) 
Str.50780.1.S1_s_at -1.4 Xenopus (Silurana) tropicalis roundabout, axon 
guidance receptor, homolog 1 (robo1) 
Str.29620.1.A1_at 1.31 Xenopus (Silurana) tropicalis collagen alpha-1(XIX) 
chain-like (col19a1) 
Str.40046.2.A1_at 1.33 Xenopus (Silurana) tropicalis zinc finger and BTB 
domain containing 46 
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Str.50317.1.A1_s_at 1.36 Xenopus (Silurana) tropicalis tripartite motif-
containing 63 (trim63) 
StrJgi.8838.1.S1_at 1.38 Xenopus (Silurana) tropicalis hypothetical protein 
LOC100497369 
StrJgi.4415.1.S1_at 1.39 Xenopus (Silurana) tropicalis Usherin-like, Usher 
syndrome 2A (ush2a) 
Str.31880.1.A1_at 1.39 Xenopus (Silurana) tropicalis FOS-like antigen 1 
(fosl1) 
StrEns.7740.1.S1_a_at 1.42 Xenopus (Silurana) tropicalis protein shisa-7-like 
Str.30092.1.A1_at 1.42 Xenopus (Silurana) tropicalis G0/G1switch 2 (g0s2) 
Str.34981.1.S1_at 1.43 Xenopus (Silurana) tropicalis methylmalonic aciduria 
type A protein (MMAA) 
Str.28524.1.S1_at 1.43 Xenopus (Silurana) tropicalis otospiralin (otos) 
StrEns.3402.1.S1_a_at 1.46 Xenopus (Silurana) tropicalis A disintegrin and 
metalloproteinase with thrombospondin motifs 18-
like (ADAMTS18) 
Str.47261.1.A1_at 1.5 Xenopus (Silurana) tropicalis tctex1 domain-
containing protein 3-like 
StrEns.4332.1.S1_a_at 1.52 Xenopus (Silurana) tropicalis alpha-N-
acetylgalactosaminide alpha-2,6-sialyltransferase 3-
like (st6) 
Str.1869.1.S1_at 1.52 Xenopus (Silurana) tropicalis glycogenin 1 (gyg1) 
Str.15412.1.S1_at 1.53 Xenopus (Silurana) tropicalis mediator of RNA 
polymerase II transcription subunit 24-like (med24) 
Str.26568.1.S1_at 1.53 Xenopus (Silurana) tropicalis core-binding factor, 
beta subunit, transcript variant 2 (cbfb) 
StrJgi.6785.1.S1_s_at 1.59 Xenopus (Silurana) tropicalis procollagen-lysine,2-
oxoglutarate 5-dioxygenase 2-like 
Str.5217.1.S1_at 1.65 Xenopus (Silurana) tropicalis platelet-activating 
factor receptor (ptafr)  
Str.3219.1.S2_a_at 1.68 Xenopus (Silurana) tropicalis thyroid hormone 
receptor associated protein 3 (thrap3) 
Str.35513.1.S1_at 1.69 Xenopus (Silurana) tropicalis family with sequence 
similarity 53, member C (fam53c) 
StrEns.2784.1.S1_at 1.73 Xenopus (Silurana) tropicalis protein spinster 
homolog 1-like 
StrAffx.12.1.S1_at 1.88 Xenopus (Silurana) tropicalis dachshund homolog 1 
(dach1) 
Str.11968.1.A1_at 1.93 RAS, dexamethasone-induced 1 (rasd1) 
Str.44208.1.A1_at 1.97 Xenopus (Silurana) tropicalis collagen, type II, alpha 
1 (col2a1) 
StrJgi.1687.1.S1_at 2.22 Xenopus (Silurana) tropicalis hypothetical protein 
LOC100495013 
StrJgi.5539.1.S1_at 2.25 Xenopus (Silurana) tropicalis t-box transcription 
factor TBX15-like 
StrJgi.4027.1.S1_s_at 3.22 Xenopus (Silurana) tropicalis probable E3 ubiquitin-
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protein ligase HERC3-like (herc3) 
Str.28450.1.S1_at 3.64 Xenopus (Silurana) tropicalis cyclin D2 (ccnd2) 	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Table A.3. Genbank accessions for all Xenopus sequences used in evolutionary rate 
analyses 
Gene X. tropicalis X. laevis* 
amy2a NW_003163741 NM_001096169 
atp5g3 NW_003163489 NM_001086614 
bicd1 NW_003164920  
btf3 NW_003163439 NM_001094887 
c2orf82 NW_003163381  
c3 NW_003163882 NM_001089232 
cab39l NW_003163493 NM_001089927 
ccnd2 NW_003163923 NM_001085661 
ccni NW_003163669 NM_001090102 
col2a1 NW_003163487 NM_001087789 
col5a1 NW_003163463 BC043799 
col9a1 NW_003163808 NM_001093327 
cox5a NW_003163621 NM_001091923 
csda NW_003163824  
dach1 NW_003163339 NM_001096718 
des1 NW_003163403 NM_001093564 
eif3c NW_003164628 NM_001136176 
ercc3 NW_003164219 BC129780 
faf1 NW_003163327 NM_001091736 
gas8 NW_003163392 NM_001096593 
gnb2l1 NW_003163357 NM_001086664 
got2 NW_003163332 NM_001086786 
gtdc1 NW_003163558 NM_001096040 
krt5.2 NW_003163493 NM_001094942 
krt8 NW_003163493 NM_001087056 
krt19 NW_003163766 NM_001091523 
lyst NW_003163499  
mmaa NW_003163750  
mrf1 NW_003163826 BC074111 
mug1 BC091705  
myl1 NW_003164474 NM_001086783 
npffr2 NW_003163932  
pglyrp1 NW_003163357 NM_001095302 
pitx2 NW_003163415 NM_001088287 
pm20d2 NW_003164007  
pnlip NW_003164719 NM_001097678 
prss8 NW_003163987 NM_001088251 
psmd1 NW_003163611 NM_001092985 
ptafr NW_003163804 NM_001086171 
rasd1 NW_003163500 NM_001173993 
rbp1 NW_003163381 NM_001091213 
reep5 NW_003163536 NM_001096221 
ric8a NW_003163913 NM_001094881 
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serbp1 NW_003163757 NM_001086826 
sgpp1 NW_003163817  
shisa7 NW_003163869  
tbx15 NW_003164018  
tf NW_003163455 NM_001089601 
thrap3 NW_003163729 NM_001103187 
tnni2 NW_003163745 NM_001086087 
tnnt3 NW_003163745 NM_001086934 
wapal NW_003163628 BC084433 
zfr NW_003163554 NM_001090507 
*11 of 53 genes were unavailable for X. laevis 	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